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ducti thods. High
C srties sed 10 chesces of materials and production me! .
“oncrete propertics are known (o closely ui_ e ethods ulfilling -

C -retc can be enhanced by £ ot ! '
P e CIOI:;; strength, durability, worksbility, and dimensional stability. In this work, the main
el ’ wor —meral additives such as silica [ume, nano silica,

i i ate the influcnce of addmg as sl
e X 1= addition, an evaluation is also made upon the

towards enhancement of - valu :
?n); 2:::}:’ 2? dp:cljigﬁctoizn methods towands s smdicators. The aim is to enrich our knowledge
. oe O swction. especially from the perspective of concrete

i r in situ high perfon =
zfl%e:::l}ilx{?ure produoeglhs. The w0 improve strength and durability but giving
different effect in terms of . ; 4 developement is the utilization of nano material
ol amorphous silica produced e + The moles of compaction and curing are of paramount
importance in producing hgh o s producers are aware that high quality mix
materials alone cannot & i in situ concrete without proper curing and
compaction. Maximum degres of comg sat curing period must be guaranteed in order to
achicve a satisfactory resull. The selanw he two aspects of production and the materials
arc discussed for each of the

INTRODUCTION

Concrete members can be "-'--’1“ on the design and construction requirements
or project owner preferences. The challenses and ofsiacies i building a concrete structure using in situ
and precast concrete are different. While faciors such & mux materials and design can be common in the
two products, in situ concrete ofien reguises mwwe Saoroes curing and placement methods in order to
salisfy design requirements. Meanwhile precast comorete. being cured and placed in a controlled manner,
tends to conform more easily o the same seguuemenis. In many cases, when building a concrete
structure, the risk of obtaining nos-confirmuns comosste peoduct is greater when using in situ concrete.
EI};% risk is even more prosounced whes the smuctuee s designed using high performance concrete or
It is gencrally recognized that m site comcrete offcrs sersaulity n gecomctrical shapes and is applicable for
almost all types of detailing and joimts Meanwhile precast product is limited to certain types of
connection details, types of construction eguipment and space which sometimes makes it difficult to
conform to code requirements such as seismic provision.

In general, HPC differs from normal concrete or NC because the former is required to have high in situ
strength and durability or permeability. Both of these are associated with porosity and hydration states.
Either HPC or ordinary concrete properties rely on the maximum states that can be achieved through ficld
curing and compaction. Concrete producers or contractors normally have some standard procedures
developed from years of experience for placing and curing of ordinary concrete with satisfactory result,
but not with ITPC. It is the objective of this paper to highlight methods of designing and producing in situ
HPC. From the material point of view, the emphasis will be on the utilization of standard mix materials
that arc common in many parts of Indonesia combined with the use mineral and chemical admixtures.
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PRODUCER’S PERSPECTIVE

Benefits of Using HPC . ‘
Benefits of utilizing HPC on enhancing the performance include, Kosmatka et al (2011):

¢ Ease of placement and consolidation without affecting strength

* Long-term mechanical properties

= Early high strength

* Toughness

* Volume stability ‘ . .
. nger life in severe environmen : ! : -
Ot}Il;; l%eneﬁts may also include: use of less man:nd. use of E-:ﬁ ﬁ:l‘g_ndasvﬁ)jraes 'hgc e

strength ratio comparable (o steel, reduced maintenance. clt-i:li. [ min R e v oo
Usage of HPC had begun since as early as 1940s in Japan. B ! o Japan
become mandatory for bridge structures in some G?B ll'CU‘dﬁI Kingdom. France inGetclundme ) &
and United States since 1990s. Economic benefits of using bridge structures (FHW

. i Jon at service stage.
208 High compressive strength at transfer and high allowabic ieasion

Maximum spans increased up to 45 percent
Use of 15.2 mm strand for higher sm"gd,»'.&,,_u

£ omposite deck had l‘il.::“(:z imp o.r NSy et
B o i
. Maximum useful str'eng : nd - @ \P:
v 1girders with 12.7 mm '
v 1girders with 15.2 mm strand - 83 MPa
v U girders with 15.2 mm strand - 97 MPa

ction . o ‘ .
I|: rOd;:y schemes and equipment for producing, handling and transporting high performance/streng
ormally,

concrete are not much different to those used for conventional concrete. Some changes, refinements, and

emphasis on critical points are usually necessary. Depending on the Condi[ion and CapﬂCity f the

production facility and transportatiop fleet, some adaption '

_ : : may be required. p
dedicated to supplying qualit concret i ( eq e roducers vy sy
hjgh-strength P y ¢ routinely should have few difficulties producing and delivering
Il. is generally accepted that high strength concrete (HSC) shoul
binder ratio (W/b), not consistency. Consistency should only be adj

provndfes a'll of t.hp mixing action. This is does not mean that HSC cannot be successfully produced a(
a transit mix facihly, just that a greater balch-to-batch variability should be anticipated. Central mix plants
have one mixing drum operated by one individual. Factors that can influence batch-to-batch consistency
when producing HSC include differences in mixing and agitation speed, number of revolutions during
mixing and agitation, and mixer efficiency. Factors influencing the mixing efficiency of concrete drums
include blade configuration, drum gcometry and size, cleanliness, internal wear, and mixing capacity.

APPROACH AND METHODS

Overall, the approach in finding suitable materials and method for obtaining HPC can he subdivided into
three tasks, First, is to establish some concrete performance measures as well as important parameters
representing the production stages. The next task is to Propose materials and mix design suitable for HPC.
While therc is a large body of literature on materials and mix design for HPC, we should opt to use
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comonly available materials and adopt rather simple mix design methods. The last task is to ensure that
the right procedure is donc in the field by proposing some technical specifications.

Characteristics of HPC

Ina b.roadcr sense HPC can be considered as concrete in which certain characteristics are developed for
a particular application and environments including: ease of placement, compaction without segregation
carly-age strength, good long term mechanical and fransport properties (compressive strength elastic,
n?oduli, tensile strength, fracture toughness, permeability, durability), low risk of crackiné good
dimensional stability. ’
Key features of HPC include usages of low water to binder ratio (w/b), optimal use of silica fume (and/or
other mineral admixtures), smaller aggregates and fine sand, sufficient dosage of superplasticizers,
occasional specialized treatments and application of pressure especially for ultra high strength concrete
after mixing (at curing stage).

Performance mcasurcs and parameters that represent important aspects of HPC products can be studied
by observing the macroscopic and microscopic behaviour including:

a) Mechanical and physical properties (compressive and tensile strength, modulus of elasticity,

fracture toughness, resistance to abrasion & wear, porosity, density)

b) Transport properties (permeability, sorptivity, chloride and sulphate penetration resistances)

¢) Dimensional stability (thermal, shrinkage and creep)

d) Workability

Tab. 1: Microstructural parameters and their roles

Microstructural Parameters Rolefeffect Macroscopic Behavior (NC)
Solid phase of hydrated paste Binder, load bearing Strength, toughness, stiffness
(C-S-H gel) -
uniform pores and hydration Strength, toughness
Interface transition zone (ITZ) e  prodocts eth
Water filled space Shrinkage, transport
Gel pores Intrinsic pore in gel Shrinkage, creep
Voids Watcr filled space Internal curing, shrinkage |
Fller, load m‘ Strength, toughness, stiffness

Mechanical properties are responsible for high load bearing and mechanical resistance capabilities of RC
or plain concrete members. Meanwhile, transport properties are tied closely to durability performance of
concrete against penetrations of chloride and sulphate ions, leaching, ctc. High stability against thermal,
shrinkage and creep-induced deformations are desired for structural members to maintain their shapes and
avoid additional stresses. In gemeral microstucture comtrols the macroscopic behaviour of hardened
concrete (points a, b, and ¢ sbowe). Therefore. observing HPC microstructure will lead to enhanced
understanding on how charactersstic behawiows of HPC can be controlled. Workability is considered
important as production aad placement of well compacted and non-segregated fresh HPC require
sufficient consistency and flow. Microstructural parameters and their roles are summarized in Table 1.

Concrete microstructure can be described i terms of hydrated cement paste or binder, pore systems and
interfacial transition zome (ITZ). and assrceatcffilics. Poscs and their nctwork can be interconnected or
isolated. ITZ refers to the boundanes between the cement pasie, and aggregates or particles of admixtures.
The roles of these parameters are described in Table 1. Nommal concrete or NC consists of cement,
aggregate and water, and oficn withowt any musecral admixtures. Hydrated cement paste of NC is
dominated by amorphous C-S-H gel. which is immmsically porous, while its porosity is contributed by gel
pores, capillary pores and voids. Furthermore, C-S-H gel is 2 low deasity phase which is space filling, but
strength controlling. For concrete with strength below SOMPa. the increase in strength is prirparily
attained by reducing the capillary porosity alone. However, reducing the capillary porosity alone is not
enough to generale a concrete strength above S0MPa. The gel porosity should also be reduced together
with the capillary pores so that there is a substantial reduction in the total porosity of concrete. Further
reductions in gel porosity require a change in chemisiry to convert C-S-H to more crystalline phases,
which eventually leads to the production of HPC (Buyukozturk and Lau, 2007, and Young, 2000). Other
contributing factors to strength are of course the strength, toughness, texture, gradation and fineness of

aggregates.
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Fig. 2: Microstructure of high performance concrete (HPO)

While total porosity of the cement paste matrix has a great influence on the strength of concn.:lt.e. the pacl,lrc
structure and its connectivity have a significant impact on permeability. A high Y:;nzablsﬁzmi?din;
means low durability as the inner part of concrete is more readily to be attac y

e g 1 S th using suitable

chemicals. However, with a high permeability, lh; C"““,"‘g (C)S;’ ﬁfl‘hdl;ég;;rn fj:;‘i{) l;“;gi o;‘i'mger e

C : ’ : . i carriet ; < diie
; . se continuous hydration can e car ¢ than that of HPC du

cuEp blfcaluhzeporosity and the pore connectivity of NC are usually highe

the pore network.

to the absence of fine particles (se¢ Figure 2).
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has a modified structurc when
j B i h as aggregates and steel ﬁPers, : e

ke agy;meéltgoﬁmgeslurrlf‘;ﬁz iosftt)le::grs li;llf)wn as the interfacial transition zone (IT’Z)i It ;Sd u;ctxez;] [ylo me

compared to C-5- . : . s

porous than the bulk paste matrx as a result of poor packing of cement particles a0]

embedment surface. The higher porosity around ITZ is subjected to accumulation of water \e&diﬂg ()

a locally higher water-to-cement ratio in these regions (internal blced water). Therefore, ITZ in NC may
be weaker than other regions in the concrete system. In NC, ITZ is considered the weakest load bearing
part. As a result, bond cracking along the boundaries of aggregates under external loading initiates from
and propagates around ITZ.

In order to improve the concrete performance without disregarding the economical consideration, the
following aspects are considered: (a) the hydrated cement paste should be strengthened, (b) the porosity
in concrete should be lowered, (c) the interfacial transition zone should be toughened, (d) aggregates must
be well graded, well textured and provide sufficient toughness, (¢) workability must be improved to
achieved higher degree of compaction, and (f) curing must be improved in order to allow maximum
degree oh hydration. The first three aspects are evaluated one by one as follows. Corrective actions
relevant to the aforementioned aspects can be found in Table 2.

According to Table 2, HPC with very fine admixture, such as silica fume or fly ash has denser hydrated
paste and ITZ. The pore connectivity in HPC is also lowered because the very fine particles effectively
block the capillary network. Thirdly, the interfacial transition zone can be toughened by lowering the
locally high water-to-cement ratio and by improving the particle packing in this zone. The role of
superplasticizer is (o enable mixes with very low water-to-cement ratio (less than ().25) to be adopted.
Hence, its microstructure is quite different from that of NC. Figure 2 shows the microstructure of HPC.,
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Tab. 2: Corrective actions for HPC

Corrective Actions Macroscopi i
pic Behaviour HPC Paramater
Mechanism
Sumngdieinsoe - o Mimeral admixses OHﬂlﬁxmms(ﬁyash,
el e el O RS
s siag) #cl porusity
o Fibee ® Adding fibre increascs

Toughening ITZ Higher ;"’"‘ -+
:/I:xir:t‘:iil'i'tgy Higher compaction factor

Higher achicvable degree

Improving curing of hydration

* Reactive binder allows for
3d hdrati

Identifications of Materials and Mixes

There has been numerous studies conducted about HPC. ldennﬁanons of MS and mixes C(_)mrponly_
found in HPC have been done using rclatively recent studies. One such studies comprises cgmpllauon of
large amount of data (Olek et al., 2002) and is included hese. Oher stodies are also included and

comparison is made, as given in Table 3. Essentially, the resalt fom one study is quite similar to other.

Materials commonly used i

\ als co y , apart from Portl.and cement and assvesate. such as silica fume, fly ash, slag,
superplasticizer, and water reducer, and their suggested guastitics or proportions are identified. Note that
some quantities such as binder content (350400 ksfe') == ‘Comsent are not so different from
normal concrete mixes. The water to binder ratio bowewer s comsasaemaly than »n normal

concrete mixes, around 0.3.

Tab. 3: Charactenistics of HPC

Mix Parameters Suggested quantity Properties (28-day) Source
w/b 0.3-0.4 Comp. strength 75-100 MPa
Silica fume 10-20 % binder Elastic modulus 35-40 GPa
Fly ash 10-20 % binder Chloride resistance 500-1000 Coulombs’
GGBS' 35-40 % binder Diffusion coeff. 0.5-1 m*/sec (x 10™%)
PC? 400-500 kg/m’ Vebe 10-15 sec
Binder' 350-400 ke/m’ Slump 150-200 rum Rl 200
Water 150-175 kg/m’
Coarse aggregate’ 1000-1100 kg/m’
Fine aggregale 700-800 kg/m”*
Alr_ 2%
w/b 0.37-0.39 “Comp. sucngth 42-65 MPa
Silica fume 15-18 kg/m’ Flexural gth 4.6-6.5 MPa Issa et al, 2008
Fly ash (Class C) 30-102 kg/m’ Elastic modulus 29-37 GPa
GGBS 47-51 kg/m’ Drying shrinkage 390-560 micron
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|——=0-376kg/m ] ’Q
+ﬁ7 | 2.28-1225 L/m? 1009-4122 Coulombs rﬁ‘
WR 216-1.03 1 | |
| Coarse aggregate | 974-1127 kg/m? |
Tine aggregate 511766 kg/in®
wih 0.232-0.3 Comp_ strength 59-98 MPa
Silica fume 10 % binder Flexural strength 8.3-10.9 MPa
PC 408-563 kg/m’* Elastic modulus 35-44 GPa
Binder 453-625 kg/m’ Porosity 1.9522 % _Perumal &
Water 139-142 kg/m? Sorptivity 0.021-0.014 mm/min® 2004
Coarse aggregate 1070 kg/m’® Compaction factor 0.83-0.92
Fine aggregate 644-795 kg/m’ Vebe 11-21 sec

Slump 24-55 mm
_—

1. GGBS: ground granulated blast furnace slag 5. Maximum size limited to 19-25 mm

2. PC  :Portland cement 6. WR  : water reducer

3. SF :silica fume 7. HRWR: high range mnednaz

4. PC+SF is uscd the most 8. Rapid chloride permeability test ASTM C1202
9. At56-day

It is noticed that the admixtures and the sand present in HPC are all very fine. The sma:hll sizes of thege
i ial i ati si f adding fine particles into the concrete mix
articles are essential in generating HPC. The bBQ‘IC concept o e { : "
E)s based on packing density theory. Effective parnglc packmg erends on the .relanvc snze_ ()jigar::::;‘ejdax;:
the number of different sizes (Gray, 1968). In principle, calcined clays, such as metakaolin,

i i tive because of
able to achieve dense packing configurations. However, these materials are not as effective

their plate morphology, in contrast to the spherical morphology of silica fume panicles.

In addition to the mix materials and compositions, the performance indicators recommended as
representing HPC arc also identificd in Tab. 3. As seen, there are wide ranges of compressive strength,
the highest being 75-100 MPa. The elastic modulus of HPC of around 35 GPa is scen higher thun noomal
concrete mixes. Some of the recommended values such as the lowes limit of chloridc resistance (based on

ability test or RCPT) of around 1000 Cosllombs is quite difficult (o0 obtain.

rapid chloride perme: { ( o . e
EfI;ect of curing condition must be appreciated as & comtrols the progress ydrati

influence:
amount of hydrated paste. It can in - . _TEh
1. Strength; diffcrence between strengths of moist and comstant room temperature- cured

i ns - le (field-
(representing ideal designed concrete mix) and sealied i sits temperature- cured samp

cured concrete) . !
e Ficld cured concrete have compressive stremgth 7-10 % less than designed concrete mix
(Glover and Stallings, 2000). : '
e Ficld cured concrete have compressive stremgth 0-11 % less than designed concrete mix
(Missouri DOT, 1999). . _ . _
2. Shrinkage: influence of age of exposure of cured comcrete to drying shrinkage at certain relative
humidity and temperature. )
Propertics of HPC can be predicted using the forms little different from those used for NC. For instance,

¢ Modulus of rupture: £ =0.75 \/7

e FElastic modulus: E = 35()0+43()0J7

Admixtures such as superplasticizer and water reducer play the roles of improving the workability of
concrete mix and reduce the amount of water needed. Therefore, it enables the use of very low water-to-
cement ratio. Adding superplasticizers allows to successful production of concrete having w/b as low as
0.2. Fly ash with suitable spherical morphology can improve the workability and, in some cases, permits
reduction of w/b to 0.3. Fly ash also acts as the secondary binder, and concrete containing fly ash also
develops a finely divided capillary pore system. Silica fume, which has a similar function as fly ash, is
very effective in lowering the waler-to-cement ratio needed for workable concrete in conjunction with
superplasticizers because its sub-micron particle size allows it to pack between the cement grains (Kwan,
2000). The spaces between cement grains that would normally have to be occupied by water are now
partially filled with other solid particles. This is the basis of castable densified with small particle (DSP)
systems, which can have a water-to-cement ratio as low as 0.16 with a compressive strength more than
150MPa (Wise et al, 1985, Richard and Cheyrezy, 1995). In such a high strength concrete, the C-S-H gel
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i i i and als addi ial nano silica product (Aerosil
method described in (Jonbi ct al. 2012b) and also by adding the commerci. | na |
HDKN 20). The amount of nano silica added was 3, 5, 10, and 15% of initial amount of cement (or
relative 10 900 kg per m® concrete).

Tab. 5:
Matcrials 60R S0R 100R(a) 100R(b)
Cement type I (kg/m*) 500 600 300 900
SF (kg/m") 75 120 120 120
Binder (kg/m®) 575 720 920 1020
w/b 0.20 0.23 023 0.23
Sand (kg/m’) 641 603 637 637
Coarse aggregate (kg/m’) 1092 1119 1091 1091
Superlasticizer (1t/m’) 3 36 48 54
The experimental investigation is focused on strength and durability properties. The results of
compressive strength test, RCPT test, and water penetration test have been obtained for a total of 17
MIXes containing nano silica, Some important correlations have been

cen established, namely RCPT charge
pth. V. compressive strength as shown in Fig. 3 below.
number (R=0.595 and R=0.7_18). The

VS. compressive strength and water penetration de
The strong correlations can be
plots in Fig. 3 have been added

compressive strength is above 75 MPa and RCPT charge of less than 1000 Coulombs (both evaluated at
28 days). Looking at this correlations, one can evaluate the comcrete mix and taylor it to fulfil the
requirement for HPC. About 70% of all mixes have been made using nano silica.

2500

y=-1636ln(x) + 78479 ¥ Nanosilica
2000 R?=05953¢ & ypkN

F=-2971n{x)+ 14863 & Nanosilica
B HDKN
—Log (Nano silica)

F=071772

—Log. (Nano silica)

*
1500 ™

1000

RCPT Charge (Coulomb)
w
o
(=3

Water penetratio test (cm)
e lulbnBRullalnw

150
’ 10 30 50 70 90 110 130 150 7 90 110 130

Comp. strength (MPa) Comp. strength (MPa)

Fig. 3: RCPT charge and water penetration versus strength, and range for HPC

CONCLUDING REMARKS

This study has elaborated the characteristics of HPC and has classified or categorized its performance and
mix parameters for the purpose of developing HPC product further. Efforts to achieve HPC like
properties has been suggested and tables have beem created as aid The main findings are that HPC
product exhibits a microstructure different from that of mormal concrete. Finer pores and denser
interfacial zone are among the characteristics of HPC microstructure. HPC can be achieved by ensuring
good workability and hence, good compaction, optimal mix materials, and sufficient curing. It also relies

on utilizations of admixtures such as superplasticizer to improve its workability, and silica fume and fly
ash to improve its microstructure.

The development of HPC as also been attempted in this study. The basis of such development has been on
utilization of fine pozzolans like silica fume and fly ash. This results in apparent improvement of concrete
strength and durability properties. This study also shows that utilization of nano silica to produce HPC is
potential and can be pursued further.

The requirements for curing HPC are likely to differ from those of nor
binders and thus, hydrates faster. Moist curin
remains to be further investi
binder. Another aspect that

mal concrete. HSC contains finer
g of minimal of 7 days is recommended. However, it
gated whether a shorter moist curing can be applied to HSC containing finer
needs further investigation is whether curing period and conditions should be

. P - 77___._—_
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formed by conventional hydration reacts with

med silica fume at high tem stalli
which is a dense phase without intrinsic porosity. e s

Specifications and Provisions for Production. Placement and Curing
Standards, specifications and codes of practice are probably not the most interesting subject for a book on
advanced concrete technology. Standards, codes and specifications may take one of three approaches:

e  Prescription-based

e  Performance-based

* A combination of prescription and performance

Thc European Standard for concrete (EN 206-1, 2002) allows an essentially performance-based approach
in the‘ specification of designed concrete whereby the only information required to be specified
comprises:

e Exposurc class

e Compressive strength class (for structural purposes)

® Maximum nominal aggregatc size

¢ Chloride content class (maximum permissible level of chloride i i

* Consistency/workability class i Sacsee.as sopplicd)

Buildcr_is recommended (o implement a Quality Management Plan (QMP). Items addressed in a Qmp
shouh_i include: mix design properties, procedure for orderine concrete, various guidelines (for material
handling, production, delivery, concreting under hot and cold weather, eic.), acceptance and rejection of

fresh concrete, placement (compaction, finishing, and curing practices). various protocols (for material
sampling, concrete sampling and testing).

A review of the predecessors to ACI 318-95 revealed that the gemeral requirements for curing of concrete
have changed very little since the [irst standard regulations were proposed in 1909 (Meeks and Carino
1999). The basic requirement has been (o cure concrete made with normal portland cement for a period of
at least 7 d and to cure high-early-strength concrete for af least 3 & Tests reported by Price (1951)
indicated that normal strength concrete that is moist cased for 7 & and then stored i air would attain
approximately the same 28-day strength as if it had besn contimsously moist cured. These tests provide
validation of the 7-day criterion in the ACI Code.

Since high-carly-strength concrete will gain S=ess
period. In the 1971 Code, a requirement was
during the curing period. This addition is to <=
the prescribed minimum curing periods. In
adequacy of curing procedures based on st
carried over to the 1995 version of ACI 318
between strength and durability consideratic
primarily with structural safety, the pre
capacity. The only explicit mention of ¢
(originally added in 1971) dealing with acc
for concretes made with other cementitious
cementitious system affects early-age strength
deficicncy in the current Code.

CASE STUDY

The case taken for study is the develop
Indonesia. The work is detailed elsewhes

5 meec sapadly. the Code permits a 3-day curing
: e comcrete temperature above 10 °C

cican seength development will occur during
ww prowision was added for checking the
j-cered cylinders. Both requirements were
The ACI Code. however, makes no distinction
30 corimg reguiremeats. Since ACI 318 deals
d pomanly 10 easure adequate structural
5 canme s comtained in the provisions
does mot address curing requirements
s pomiand cement. Since the nature of the
meristics, this omission may be a major

 comcrese wsing local materials available in
et &l 20122 and Josbi et al, 2012b) and is part of the
dissertation work currently =5 puie. The goal here s 1o develop HPC mixes starting from
some standard mixes utilizing silica fume as the mineral admixture. The observed properties include
compressive strength and chloride resistance. The main idea is to develop mix design and to incorporate
nano silica produced using local materials. Sand and silica was obtained from Bangka Island and coarse
aggregate was from Rumpin. In addition. cement and silica fume were provided from respectively,
Indocement and Sika. A process that involves liquid milling and polishing (Jonbi ct al, 2012c) has be_en
developed to enable production of nano silica. The result is silica powder relatively finer than comljnercxgl
silica fume, comprising 50% or more particles of 70 nm size. Main concrete mixes made were listed in
Tab. 5 below, where silciafume (SF) used is regular product available in Indonesia, e.g. Sika product.
Additional mixes were made by modifications mixes 100R(b) by adding nano silica produced by the
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decided based on attainment of strength or other propertics such as durability properties. As often

indicated by research, the limit state of concrete performance may be governed by its durability rather
than its strength.
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