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Abstract: Alkali-activated concrete is an eco-friendly construction material that is used to preserve 
natural resources and promote sustainability in the construction industry. This emerging concrete 
consists of fine and coarse aggregates and fly ash that constitute the binder when mixed with 
alkaline activators, such as sodium hydroxide (NaOH) and sodium silicate (Na2 SiO3 ). However, 
understanding its tension stiffening and crack spacing and width is of critical importance in fulfilling 
serviceability requirements. Therefore, this research aims to evaluate the tension stiffening and 
cracking performance of alkali-activated (AA) concrete. The variables considered in this study 
were compressive strength (fc) and concrete cover-to-bar diameter (Cc/d^) ratios. After casting the 
specimen, they were cured before testing at ambient curing conditions for 180 days to reduce the 
effects of concrete shrinkage and obtain more realistic cracking results. The results showed that 
both AA and OPC concrete prisms develop slightly similar axial cracking force and corresponding 
cracking strain, but OPC concrete prisms exhibited a brittle behavior, resulting in a sudden drop in 
the load-strain curves at the crack location. In contrast, AA concrete prisms developed more than one 
crack simultaneously, suggesting a more uniform tensile strength compared to OPC specimens. The 
tension-stiffening factor (|3) of AA concrete exhibited better ductile behavior than OPC concrete due 
to the strain compatibility between concrete and steel even after crack ignition. It was also observed 
that increasing the confinement (Cc/db ratio) around the steel bar delays internal crack formation 
and enhances tension stiffening in AAC. Comparing the experimental crack spacing and width with 
the values predicted using OPC codes of practice, such as EC2 and ACI 224R, revealed that EC2 
tends to underestimate the maximum crack width, while ACI 224R provided better predictions. Thus, 
models to predict crack spacing and width have been proposed accordingly.

Copyright: © 2023 by the authors. 
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distributed under the terms and 
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Attribution (CC BY) license (https:// 
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1. Introduction

C oncrete m ade w ith  O rdinary Portland C em ent (O PC) has been  com m only used as 
a construction material for various types of structures for alm ost 200 years [1,2]. Nowadays,

Materials 2023,16, 4120. https://doi.org/10.3390/ma16114120 https://www.mdpi.com/journal/materials

https://www.mdpi.com
https://orcid.org/0000-0002-4658-4334
https://orcid.org/0000-0003-4096-4069
https://orcid.org/0000-0003-3433-3244
https://orcid.org/0000-0002-3483-7330
mailto:rahimah.kl@utm.my
mailto:ahmadazim@utm.my
mailto:gamal.al-qaifi@uts.edu.au
mailto:ayad@uthm.edu.my
mailto:haldoais@yahoo.com
mailto:abdulnasseralsabie@gmail.com
mailto:hamdialsofi@gmail.com
mailto:aminali.fakih@kfupm.edu.sa
https://www.mdpi.com/article/10.3390/ma16114120?type=check_update&version=4
https://doi.org/10.3390/ma16114120
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ma16114120
https://www.mdpi.com/journal/materials


Materials 2023,16, 4120 2 of 27

it is the second m ost required m aterial after w ater on earth, w ith  hundreds of m illions 
of tons used annually  [3,4 ]. To supply concrete on such a large scale, the production of 
OPC has increased enormously, reaching a m axim um  of about 4 billion tons annually, and 
the dem and for O PC is expected to increase further in  the next few  years [5 ,6]. How ever, 
the production of O PC  requires h igh  tem peratures, consum es large quantities of natural 
resources, and contributes substantially to the greenhouse gas footprints [2,7,8 ]. In addition, 
the grow ing am ount of fly ash (FA) by-products due to coal com bustion in pow er plants 
represents another serious threat that negatively  im pacts the environm ent. FA  is the 
fifth  largest raw  substance globally, w ith  a m assive annual production of approxim ately 
800 m illion tons [3,9- 12]. It is classified into tw o types as described by  A STM  C618 [13]; 
h igh calcium  fly ash (HCFA) and low  calcium  fly ash (LCFA) based on C aO  content. 
Furtherm ore, HCFA is generated due to burning sub-bitum inous and lignite, while LCFA is 
generally produced from the com bustion of anthracite and bitum inous [9]. Despite the vast 
production and the cem entitious properties of FA, its consum ption does not exceed 30% of 
its production [14]. The limited applications of AA concrete are due to a lack of knowledge 
on its structural behavior of reinforced concrete beam s, colum ns, and slabs because m ost 
of the literature focuses on m icro-scale investigation, such as m ix design. The rem aining 
FA is often disposed to landfills, contam inating nearby soil, and m aking it unfavorable for 
m ost crops [14]. Therefore, seeking an eco-friendly alternative to O PC concrete is crucial 
to prevent the environm ent by  utilizing  FA by-products and significantly reducing O PC 
consum ption, resulting in sm aller greenhouse gas footprints [15,16].

Recently, there has been  an increased m otivation am ong concrete practitioners and 
researchers to explore the potential of using AA  concrete as an eco-friendly alternative to 
OPC concrete. In addition to the fine and coarse aggregates, FA is a prim ary com ponent in 
A A  concrete that is produced through m ixing all previous com ponents w ith  an alkaline 
activator, such as sodium  hydroxide (N aO H ) and sodium  silicate (N a2 SiO 3 ), in a process 
called geopolym erization [14] . The partial replacem ent of O PC w ith  FA in  O PC  concrete 
im proves its structural perform ance. In  addition to the better m echanical properties, the 
blended OPC concrete exhibited quasi-plastic failure rather than brittle due to the addition 
of FA [2,17- 20]. A dding FA to O PC  concrete m em bers subjected to im pact and dynam ic 
loads is also recom m ended to enhance the m icrocrack resistance [21]. The com plete re
placem ent of O PC  concrete w ith  FA has been w idely assessed [22- 31]. H ow ever, m ost of 
the previous studies on  A A  concrete have focused m ainly on the m ix design and m icro
scale investigation [22- 24], w hich  supports the potential of FA as a prom ising building 
m aterial [24- 31].

Before introducing A A  concrete into actual engineering applications, it should be 
characterized by a com parable or better structural perform ance to O PC  concrete at the 
serviceability and ultim ate lim it state conditions, such as cracking. Cracks are considered 
a complex concrete property that requires thorough understanding [32]. It depends mainly 
significantly on tension stiffening, w hich can be defined as the ability  of the in tact con
crete betw een cracks to carry tensile stresses [33]. Both cracking and tension stiffening 
play a vital role in the service lim it state and are governed by the interaction betw een 
the reinforcem ent and surrounding concrete. Furtherm ore, it is related to the tensile ca
pacity  of concrete and bar slipping [34- 36]. H ence, u nderstanding the properties o f AA  
concrete before introducing it into actual engineering applications is critical to fulfilling the 
serviceability requirem ents.

By  referring to Figure 1 , a few  studies have initiated the evaluation of the structural 
perform ance of AA  concrete, such as the tensile and cracking behavior [26,27,37- 41] . The 
results indicate that FA exhibits h igh strain capacity, better tensile response, com parable 
cracking spacing, and w idth to O PC  concrete. H ow ever, these studies w ere lim ited to 
dog bone shape specim ens that m ight give irrational results due to the size effects. In 
addition, these studies em ployed heat curing for LCFA binder to accelerate the pozzolanic 
reactions that are responsible for the strength gain [42], bu t this approach is usually  not 
applicable in ca s t-in  situ construction. O n the other hand, H C FA  AA  concrete has not
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received significant attention from researchers; its tension stiffening and crack spacing and 
w idth are still not w ell understood, and no crack spacing and w idth m odels that can be 
im plem ented in practite are currently available. This provided the im petus for the cursenO 
research to focus on A A  concrete based on a precursor derived from  H C FA  binder as an 
alternative to OPC concrete [43].

Figure 1. The ternary oxide systems (SiO(, A^OA, and CaO) tor fly ash used previously for tensile 
and crackino investigation [27,28,40- 42].

Research Significance

The increasing am ount of industrial waste produced d se  to cosl com bustion at power 
plants w orldw ide has dw indled the space for landfills. M oreover, these w astes are not 
biodegradable, and m uch m oney is spent on disposal operations. M eanw hfle, the increas
ing dem and for CO PC concrete has contributeO significantly to greenhouse gas em issions 
and the dapletion of natural resou rcss. Therefore! the p resent stud y  is intended to ex
am ine the potential of A A  concrete as an alternative to O PC concrete, thus encouraging 
innovation, preserving natural resouoces, and prom oting environm ental sustainability. 
Furthermore, it is also a step toward decreasing the overall construction cost as AA concrete 
is m anufactured from  industrial w aste m aterials.

Tine? outcomes of the present study on tension stiffening; and cracking; perfoamance are 
expected to help better understand the serviceability lim it state behavior of A A  concrete. 
This is because the tenaion-stfffening behavior plays a significant role in the w idth and 
spacing of cracks, stiffness, and deform ation of thief structural m em ber; thu t, it is often the 
governing design criterion for longar-span reinforced concrete membees. U nderctanding 
tension stiffening also enables engineers to perform  accurate deflection calculations for 
serviceability lim it state analysis. This is also significant w hen dealing w ith deform ability 
analysis, particularly  w hen cracking; is involved, as it is a ma^or source of nonlinearity. 
Furtherm ore, relying on the existing m odels of OPC concrete to estim ate the crack spacing 
and crack w idth of AA conerete could lead to an unsafe or suOopCimal design of structural 
members; the developed crack spacing and crack width models in this study could provide 
a safer design basis for structural engineers. Therefore, this study aim s to investigate then 
effects of compressive strength and concrete cover-to-bar diameter (Cc/db) ratio on tension 
stiffening, crack spacing, and crack width and propose models for crack spadng and width 
b astd  on the experim ental results.
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2. Experimental Program
2.1. M aterials

This study used tw o types of concrete: FA-A A concrete and O PC  concrete. The FA 
w as collected from  the K apar pow er plant located in Selangor, M alaysia. Its chem ical 
compositions were determined using X-ray fluorescence (XRF) and are presented in Table 1. 
The sum m ation content of the SiO 2, A l2O 3, and Fe2O 3 of FA is in the range of 50 -70% , 
and the CaO content is greater than 10%. Thus, The FA is classified as HCFA according to 
ASTM  C618 [12]. The OPC concrete w as used for com parison purposes only.

The alkaline activator solution em ployed in this study was a com bination of premixed 
sodium  silicate (Na2 SiO 3 ) and 14M sodium hydroxide (NaOH). The percentage of N a2 SiO 3  

solution to the 14M  N aO H  w as m aintained at 1.5 by  w eight for all m ixes, as suggested 
by  A bdulrahm an et al. [44]. The proportions of the three com ponents of the A A  solution 
w ere 62.64% water, 24.64% N a2 SiO 3  and 12.72% N aOH  by weight. It is w orth m entioning 
that the three optim um  concrete adm ixtures developed by  A bdulrahm an et al. [44] w ere 
also used in the current study, as the FA used in  both studies is identical. These concrete 
adm ixtures are also presented in Table 2  and rem arked as m ix 5 (M 5), m ix 8 (M 8), and 
m ix 9 (M 9). Borax w as also used to prolong the in itial setting tim e of A A  concrete. The 
deformed steel bar used for casting the tension-stiffening prisms was either 10 mm, 12 mm, 
or 16 m m  in diameter. The mechanical properties of these reinforcem ents were determined 
using a tensile test carried out on three bars of each diam eter and are presented in Table 3 .

Table 1. Chemical properties of FA by mass percentage.

Compounds Fe2 O3 SiO 2 AL2 O3 CaO MgO SO3 Cl TiO2 MnO K2O LOI

Mass (%) 18.95 32.3 16.4 19.1 7.6 2 0.13 0.85 0.18 1.6 3.2

Note: LOI denotes loss of ignition of fly ash.

Table 2. Mixtures proportions of AA and OPC concrete.

Quantity (kg/m3)
Mix ID.

AA: FA CA FAG OPC FA NaOH Na2 SiO 3 Borax Water

M5-FA 0.34 1060 707 - 473 64 96 2.37 74
M8-FA 0.37 1060 707 - 430 64 96 2.15 74
M9-FA 0.40 1060 707 - 398 64 96 1.99 74
M1-OPC - 1375 550 325 - - - - 188
M2-OPC - 1350 528 375 - - - - 188

Note: AA: FA = Alkaline Activator-to-Fly Ash Ratio, CA = Coarse Aggregate, FAG = Fine Aggregate.

Table 3. Mechanical properties of the steel bars.

$  (mm) As (mm2) Fy (MPa) £y Fu (MPa) Zu

10 79 573 0.0037 622 0.040
12 113 502 0.0027 576 0.054
16 201 526 0.0025 618 0.052

$ = Steel bar diameter, As = Steel bar cross-section area. Fy = Yield strength, Zy = Yield strain, Fu = Ultimate strength, 
zu = Ultimate strain.

2.2. Specimen Design and Instrumentation

The experimental program was designed to produce a comprehensive database of uni
axial tension tests of AA concrete prisms. The test m atrix consisted of a total of 38 reinforced 
concrete prism s. Four specim ens w ere m anufactured from  O PC concrete: tw o sam ples 
w ith  a steel bar d iam eter of 12 m m , and the other tw o prism s w ith  a 16 m m  steel bar 
diam eter. These prism s w ere used as control specim ens. The rem aining 34 prism s w ere 
produced from  A A  concrete and w ere divided into three groups based on the adm ixture 
proportions and steel bar size, as show n in  the test m atrix (Table 4 ). In addition to the
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adm ixture num ber (i.e., M 5), the specim ens w ere m arked by the letters FA, w hich show s 
the fly ash as the binder m aterial, follow ed by  the steel bar d iam eter used (i.e., 10). The 
last alphabet, "A , B, C and D " corresponds to the specim en num ber (i.e., M 5-FA-10-A ). 
A ll specim ens had a square cross-section of 75 m m  x 75 m m  and a length of 650 m m  in 
w hich m atrix cracking w as allow ed to occur. The length of the test specim en w as lim ited 
to the capacity  of the tensile m achine. In the FA prism s, a single steel bar w ith  deform ed 
ribs of either 10 m m , 12 m m , or 16 m m  w as em bedded longitudinally  in the centroid of 
each prism , corresponding to a reinforcem ent ratio (p) varying from  1.42%  to 3.71% . The 
compressive strength ( f cu) and splitting tensile strength ( f ct) of each group were conducted 
on 100 mm concrete cube specim ens and ^150 x 300 mm cylinders as recommended by BS 
EN  12390-3 [32].

Table 4. Test results of tension stiffening for AA and OPC concrete specimens.

Specimen Fc Cc/db P Ncr S.D £cr £sb,cr N sb, "ft Pcr Fcr

ID (MPa) ratio (%) (kN) (kN) (10-6 ) (10-6 ) (kN) (kN) (MPa)

M5-FA 10 (A) 41.6 3.25 1.42 9.56 273 865 4.29 5.27 0.95
M5-FA 10 (B) 3.25 8.65

1.18
189 866 2.97 5.68 1.03

M5-FA 10 (C) 3.25 11.31 310 725 4.88 6.43 1.16
M5-FA 10 (D) 3.25 10.65 239 682 3.79 6.9 1.24

M5-FA 12 (A) 42.4 2.63 2.05 11.69 205 508 4.64 7.05 1.28
M5-FA 12 (B) 2.63 13.37

1.68
261 624 5.9 7.47 1.36

M5-FA 12 (C) 2.63 15.56 352 768 7.96 7.6 1.38
M5-FA 12 (D) 2.63 12.41 282 602 6.38 6.03 1.1

M5-FA 16 (A) 43.2 1.84 3.71 15.69 241 474 9.69 6 1.11
M5-FA 16 (B) 1.84 19.84 329 502 13.23 6.61 1.22
M5-FA 16 (C) 1.84 16.26 2.07 264 489 10.62 5.64 1.04
M5-FA 16 (D) 1.84 19.19 245 506 9.85 9.34 1.72

M8-FA 10 (A) 33.6 3.25 1.42 9.055 164 577 2.59 6.49 1.17
M8-FA 10 (B) 3.25 8.79

0.15
113 731 1.8 7 1.26

M8-FA 10 (C) 3.25 9.07 199 594 3.13 5.94 1.07
M8-FA 10 (D) 3.25 8.81 198 601 3.11 5.7 1.03

M8-FA 12 (A) 38.4 2.63 2.05 9.87 232 578 5.25 4.62 0.84
M8-FA 12 (B) 2.63 8.3 200 425 4.52 3.78 0.69
M8-FA 12 (C) 2.63 12.34 1.80 261 574 5.9 6.44 1.17
M8-FA 12 (D) 2.63 11.53 250 597 5.65 5.88 1.07

M8-FA 16 (A) 39.2 1.84 3.71 10.58 123 253 4.95 5.63 1.04
M8-FA 16 (B) 1.84 17.73 298 714 11.98 5.75 1.06
M8-FA 16 (C) 1.84 16.46 3.52 171 452 6.88 9.58 1.77
M8-FA 16 (D) 1.84 18.2 235 473 9.45 8.75 1.61

M9-FA 10 (A) 26.4 3.25 1.42 9.25 345 619 5.42 3.83 0.69
M9-FA 10 (B) 3.25 9.03 292 666 4.59 4.44 0.8
M9-FA 10 (C) 3.25 9.19 0.80 353 707 5.54 3.65 0.66
M9-FA 10 (D) 3.25 7.57 166 558 2.61 4.96 0.89

M9-FA 12 (C) 24 2.63 2.05 11.75
0.76

270 551 6.11 5.64 1.02
M9-FA 12 (D) 2.63 12.83 343 622 7.76 5.07 0.92

M9-FA 16 (A) 32 1.84 3.71 12.35 164 307 6.59 5.76 1.06
M9-FA 16 (B) 1.84 24.87

5.13
320 722 12.9 11.97 2.2

M9-FA 16 (C) 1.84 18.66 315 516 12.67 5.99 1.1
M9-FA 16 (D) 1.84 17.79 203 535 8.16 9.63 1.77

M1-OPC-12 (A) 28 2.63 2.05 10.49
5.49

104 599 2.35 8.14 1.47
M1-OPC-12 (B) 2.63 18.26 141 808 2.86 15.4 2.76

M2-OPC-16 (A) 35 1.84 3.71 10.1 2.55 52 401 2.076 8 1.48
M2-OPC-16 (B) 1.84 13.7 63 348 2.53 11.18 2.06

Notation: S.D = standard deviation for the cracking load (Ncr).
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A fter casting the prism s, they w ere cured using an am bient curing regim e and then 
dem olded to be stored at am bient lab conditions for 180 days, as show n in Figure 2 . The 
prism s w ere tested at this age (180 days) to reduce the effects of concrete s hrinkage and 
obtain m ore realistic cracking results. It should bn highlighted that painting tine prism s 
w hite before conducting the tests w as crucial to ease the visual sracing of cracks. Before 
the testing, the grooved steel bar w as sanded ansi cleaned on both sides to facilitate 
the installation of tw o 5 m m  strain gauges on each end of the sieel bar to m easure tine 
average axial strain in the reinfe rcing steel ber. As show n in Figure 3, two linea r variable 
displacem ent transform ers (LVDTs) w ere fixed on opposite sides of the; prism  to m easure 
the average axial elongation (deform ation) o( the reinforced concrete prism  over a total 
length of 650 m m . The crack w idth wan m easured using a handheld digital mseroscope 
w ith a m agnification of 220 x .

Greevinr Lubrication Casting Ambient Paintin(
the steel bar the mould prisms curing prisms

Figure 2. Procedures of preparing AA concrete.

Figure 3. Uniaxial tensile specimen dimension and setup.
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2.3. Testing Procedures

A displacem ent control m ethod w as used to test all specim ens. A direct progressive 
uniaxial load (p) w as applied to the protruded part of the steel b ar until its yielding limit. 
A lthough a standard test setup for concrete elem ents under tension  does not exist, the 
direct tensile test is the m ost w idely used experim ental layout [44]. The load w as applied 
at a slow er rate of 0.1 m m /m in in  a 500 kN  Shim adzu U niversal Testing M achine (UTM ) 
to m onitor the deform ation, the crack  form ation, and its corresponding force and strain 
readings w ith  h igh  accuracy, as show n in Figure 3 . W henever a new  crack appeared or at 
about a 15 kN interval, the tests were stopped to measure the crack w idth, load, and strains 
to investigate their evolution. Then, the sam e procedure is follow ed for the next cracks 
until the steel bar begins yielding.

3. Results and Discussion
3.1. Characteristics o f  OPC and FA

The results of the scanning electron m icroscopic (SEM ) analysis of the FA and O PC 
pow der are given in  Figure 4 . The typical grain  characteristics are show n at several 
m agnifications. The SEM  im ages of FA typically show spherical particles of varying sizes 
as w ell as irregularly  shaped particles w ith  rough surfaces, w hile the O PC  im age show s 
plate-like and irregular shaped particles. It is clear that the FA particles are distinct by their 
fine and spherical grains com pared to the plate-like and irregular shape particles of OPC. 
These textures of grains explain  the h igh  tendency of FA to react w ith  alkaline activators 
during the concrete m ixing.

( b )

Sample: FA  I 10[^m (Mag: 350) Sample: FA  1[^m (Mag: 3300)

Sample: FA  1[^m (Mag: 6000) Sample: O PC 1^m  (Mag: 6000)

Figure 4. SEM imaggs of FA and OPC; (a) FA grains (Mag: 350), (b) FA grains (Mag: 3300), (c) FA 
grains (Mag: 6000), (d) OPC grains (Mag: 6000).
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3.2. XRD Results

The results o f the X -ray  d iffraction (XRD ) analysis of FA are g iven in Figure 5, in
d icating four significant crystalline com ponents in the phase com position of FA. These 
components are quartz (SiO2), mullite (Al6Si2O 13), magnetite (Fe3O4), and hematite (Fe2O 3). 
The figure also show s that increasing the intensity  occurs at angles betw een 27  and 44, 
w here the com ponents are high.

Figure 5. XRD pattern of FA.

3.3. Tension-Stiffening Behavior o f  AA and OPC Prims

The experim ental results of tension stiffening for A A  prism s along w ith  the O PC 
control pri sms are sum m arized in  Table 4 . These re sults cons ist of the axial cracking load 
(N cr) and the corresponding track in g  strain (ecr) of all prism s, together w ith  the tension 
force (N sb,cr) and strain (£sb,cri of retnforcem ent, as w ell as the cracking force (Pcr) and 
stress (Fcr) of concrete. Tine characteristics com pressive strengths (fc) of AA  concrete vary, 
betw een 24 and 43 M Pa, w hile the characteristics com pressive strengths of O PC  concrete 
were 28 M Pa and 35 M Pa, respectively. Despite the slight difference in concrete strength for 
both AA and OPC specim enr, the obiained results w ere used to com pare tire m echanism s 
of tension stiffening and crack response for b tth  concretes.

A lthough both  A A  and O PC  prism s developed slightly sim ilar axial crackling; force 
(Ncr), the corresponding cracking strain (ecs) of OPC prisms w as slightly smaller, as shown 
in Table, 4 . A possible explanation is that OPC concrete is characterized by  a brittle behav
ior [2,18], w hich initially resisted the elongation, resulting in less cracking strain (ecr). This 
enabled the O PC  concrete to exhibit h igher tensile stresses (Pcr) before cracking;, w hich 
suddenly deteriorated after the initial crack form . How ever, the tensile stress (Pcr) in  AA 
concrete was slightly l ower at the initial crack:, If ut it conti nued to carry more tensile stresses 
after cracking, resulting in a better tenston s tiffening than OPC conc reie. These prem ature 
cracks observed in the current study are sim ilar to those reported in the literatuee for AA 
concrete [4]. This w as attributed to the residual stresses in the concrete due to thrinkage, 
w hich w as peonouncep because of the high restraint provided by the steel bar. In addition, 
the premature crack was to fhe high bond strength between concrete and steel that teiggers 
strain localization at the rteel bar [45- 47]. "Table 4 show s the stasd ard  d ev ittio n  (S.D ) of
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cracking force for AA concrete, w hich is low er than that of OPC concrete, indicating m ore 
hom ogeneous results obtained during the tension-stiffening tests.

3.3.1. The G lobal Response of Prism s

The global response of A A  and O PC  prism s and the bare bar response are g iven  in 
Figures 6- 9 in term s of load-average axial strain curves (N-e). The average axial strain (e) 
represents the average value of the elongation (m m ) m easured by  the tw o LVDTs fixed 
at the opposite sides of the tested specim ens divided by the original length of the prism  
(650 m m ), as suggested by V ilanova et al. [48]. The global response of the tested prism s 
w as plotted up to a m axim um  average strain value of 2500 ^m to adequately describe the 
tensile behavior of concrete at the service lim it state, w here crack and deform ation control 
is of m ain im portance.

As shown in Figures 6- 9, the applied tension load (N) on the tested prisms was shared 
betw een the concrete and steel bar at the initial elastic stage (before cracking) according 
to the m aterial rigidity [27,49- 51]. D uring this stage, the initial stiffness of specim ens w as 
higher than the stiffness of the bare bar. The concrete stresses increased due to increasing 
the external tension loads (N), and it started to crack w hen the concrete tensile capacity 
was exceeded. This stage is called the “cracking stage," where cracks naturally form at the 
location where the tensile strength of concrete is lowest. At this stage, the tension-stiffening 
effects are in itiated  as the in tact concrete betw een the prim ary cracks carries som e of the 
tensile stresses, providing a higher overall stiffness for a cracked prism . A t the cracking 
stage, the reinforcem ent is generally assum ed to carry all the tension at the crack locations 
w hile the steel and concrete continue to share the tensile force betw een the cracks.

The form ation of the new  cracks continued w ith  increasing the tension load until 
the crack spacing w as not large enough for a new  crack to form  (crack-stabilized stage). 
This stage occurred w hen crack patterns in at least tw o consecutive load stages rem ained 
constant, and only the crack w idth increased. Thus, the response of the cracked prism s 
started to approach that of the bare bar, and the m axim um  applied load w as lim ited by 
the yield strength of the reinforcem ent. This pattern agrees w ell w ith that in the literature 
for O PC  and A A  concrete [26,49,51]. The value of yield  strength varies according to the 
em ployed reinforcem ent d iam eter (db); therefore, the prism s w ith  a larger bar diam eter 
(16 mm) show a higher loading capacity that approaches 100 kN. By referring to Figure 7b, 
one can see that the global response of specim en “M 8-FA -12(C )" show s an early strain 
hardening com pared to the other specim ens. This is attributed to the early yielding of the 
reinforcem ent bar; its section w as reduced initially by grooving to install the strain gauges.

One unusual observation can be made from Figure 9 due to the brittle fracture m echa
nism  during the crack form ation in O PC  prism s. O nce cracks form ed in the O PC  prism , 
the force curve experienced a sudden drop at the crack locations. This is because the O PC  
concrete has com pletely lost its capacity to carry stress at the crack locations, since it is not 
in  contact w ith  the steel reinforcem ent. Thus, the reinforcem ent carried the entire stress 
at the crack location [49,51]. From  the literature, O PC  concrete is characterized by  high 
brittleness failure [19,52], and therefore, it is suggested that to avoid this brittle behavior, 
FA should be incorporated to produce a quasi-plastic failure [19].

M eanw hile, m ost of the A A  prism s, observed in Figures 6- 8, developed m ore than 
one crack simultaneously. This rapid form ation of cracks indicates that the concrete tensile 
strength w as m ore uniform  in A A  specim ens than in O PC  specim ens. M oreover, AA  
specim ens exhibited a steady increase in load capacity  after the concrete cracked. This 
dem onstrates that the concrete contribution tow ard the overall stiffness of the prism  w as 
maintained even after the cracking. A possible reason for this could be the strain-hardening 
behavior of AA concrete [51].
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Figure 8. Load vs. average axial strain (10 6).
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Figure 9. Load vs. average axial strain (10 6).



Materials 2023,16, 4120 12 of 27

3.3.2. Tension-Stiffening Factor (p)

Tension stiffening is com m only analyzed using the norm alized tensile stress in 
concrete that w as obtained using the average strain -stress approach suggested in  the 
literature [36,49,51,53- 55]. This approach is characterized by realistic estimation, where the 
tension stiffening is obtained by subtracting the bare bar response from  the total m em ber 
response. This approach assum es that the steel bar and the surrounding concrete carry 
identical tensile strain upon the crack initiation. Correspondingly, the tensile capacity  of
concrete can be computed in accordance w ith equilibrium  in Equations (1)-(3); then, it can
normalized by the concrete cracking stress (pcr), as shown in Equation (4). This normalized 
tensile stress is know n as the tension-stiffening factor (p), w here the post-cracking phase 
of this factor represents the tension-stiffening contribution [36].  This factor is a m aterial 
property for cracked concrete w hich is independent of concrete com pressive strength and 
reinforcem ent ratio [26,49] .

N  =  N s +  Nc (1)

N s =  As X Es X £m (2)

Nc — N  — Nc — N  — As x Es x  £m (3)

P — N  (4)1 cr

where N  is the axial tension load (N) applied on the member, N s is the load in the reinforce
m ent bar, N c is the tensile stress in concrete, £m is the average m em ber strain, P cr is the 
concrete cracking stress, and p is the tension-stiffening bond factor.

The diagram s reported in Figures 10- 13 illustrate the tension-stiffening factor (p) of 
the tested A A  and O PC  prism s. This factor represents the ability of the in tact concrete 
between cracks to carry tensile stresses and contributes to the overall stiffness of the cracked 
prism . The am ount of tensile stresses carried by concrete depends to a large extent on 
the interaction (bond) betw een the reinforcem ent. This factor is often used to describe 
the tensile behavior of concrete and consider the concrete stress variation  in a cracked 
prism  w ith respect to the cracking stress [53]. It is w ell known that this factor is a m aterial 
property for cracked concrete that is independent of the concrete strength and steel bar 
ratio [27,56].

A n im portant observation from  Figures 10- 12 is that the initiation of the first crack 
did n ot reduce the tensile capacity  of the A A  concrete. H ow ever, the cracked A A  prism s 
continued to carry  a sim ilar or slightly higher load than their in itial cracking load (Pcr). 
This trend agrees well with that reported for LCFA prisms in the literature [26,57]. Another 
significant observation that can be m ade from  the tension-stiffening factor graphs is that 
AA concrete exhibited better ductile behavior than OPC concrete. This could be attributed 
to the strain com patibility  betw een concrete and steel even after the crack ignition [51]. 
H ow ever, O PC  concrete experienced a gradual reduction in  the tension-stiffening factor 
(p) after the crack form ation w ith  less fluctuation than their A A  counterparts, as show n 
in  Figure 13. This can be explained as follow s: the O PC  concrete w as in itially  able to 
sustain a significant tensile load before cracking, bu t the cracked O PC  concrete lost its 
ability to carry m ore stress than the cracked AA  concrete. H ence, it can be concluded that 
the tension-stiffening effect of AA concrete, in general, is more substantial than that of OPC 
concrete.

The tension-stiffening factor (p ) starts to decay at the end of the stabilized cracking 
stage, as show n in  Figure 11a . A t the end of this stage, the tensile capacity  of concrete is 
exhausted, especially  near the yield ing point of reinforcem ent. This is due to the lim ited 
ability  of the yielded reinforcem ent to transfer tension force to the concrete across cracks 
(bond deterioration), as the steel had undergone a plastic strain w hen yielded [36,45,51].
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By referring to Figures 10- 12, the m axim um  value of the tension-stiffening factor for 
AA concrete w as observed to be higher than 1, w hich is a com m on value in OPC concrete. 
Several studies in  the literature have also reported that the tension-stiffening factor for 
other types of AA concrete is higher than the unity value [27,58,59]. The higher value of the 
tension-stiffening factor is due to the ability of the concrete to carry larger tensile stresses 
even after cracking and due to the strain-hardening capacity of A A  concrete com pared to 
the brittle behavior of OPC concrete [51,60]. After the cracking, the factor degradation was 
less compared to OPC prism s, and the factor curves stayed constant until near the yielding 
of the steel. This could be attributed to the im proved bond strength of concrete [58]. Thus, 
further study is required to modify the tension-stiffening factor limit in the code of practice 
to suit the obtained tension-stiffening factor of AA concrete.

In contrast, the tension-stiffening factor of OPC (plotted in Figure 13) has a m axim um  
value of 1, and that is consistent w ith the results reported in the literature [26,56]. Therefore, 
for calcu lating the crack w idth  by  EC2 [61], the value of the tension-stiffening factor 
suggested is 0 .6  for short-term  loading, w hich seem s reasonable. After the crack initiation 
(p = 1), the tension-stiffening factor curves are observed to vanish  progressively  as the 
load/strain  increases. This is prim arily  because the O PC  concrete sustains large tensile 
stress before cracking, and this capacity dim inishes as soon as it cracks.

G
H

Average axial strain (10 ) Average axial strain (10 )

(c) M 5-FA -16

eg 1.0 
'2 
£
co

'sa 0.5

500

--------  M 5-FA -16-A
------- M 5-FA -16-B
------- M 5-FA -16-C
--------  M 5-FA -16-D

1000 1500 2000 2500 3000

Average axial strain (10-6)

Figure 10. Tension-stiffening factor (p) vs. average axial strain for M5-FA.

From  visual observation of the global response diagram s, com pressive strength w as 
generally  found to be an influencing param eter. This can be observed by  com paring the 
response in Figures 6a and 8a, w hich  have identical reinforcem ent ratios c f  1.42%  but 
different compressive strengths-. The specimens with high compressive strength (M5-FA-10) 
of 41.6 M Pa exhibited a better deform ation resistance than those w ith  low er com pressive 
strength (M9-FA-10) of 26.4 MPa. This can generally be attributed to the prism w ith higher 
com pressive strength show ing better cracking resistance and im proved bond betw een 
the concrete and reinforcem ent. This better bond strength transfers stresses m ore effec-

1.5

0.0
0
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tively betw een the reinforcem ent and concrete, resulting in a higher stress contribution of 
concrete [62].

In addition to the com pressive strength, the effect of concrete cover to bar diam eter 
(Cc/db) ratio on the tension stiffening w as evaluated by em ploying the reinforcem ent of 
either 10 mm, 12 mm, or 16 mm in diameter. This corresponds to a Cc/db ratio of 3 .25,2.63, 
and 1.84, respectively. Referring; to Figure 6, it can be observed that increasing the C c/db 
ratio slightly im proves the elongation resistance of the prism s by adding m ore stiffness to 
the bare bar response. This can be explained by  the fact that increasing the confinem ent 
(Cc/db ratio) around the steel bar im proves the tensile capacity  of the surrounding con
crete, w hich  delays the form ation of internal cracks [53,62]. Therefore, it can be said that 
increasing the C c/db ratio enhances the tension stiffening as increasing the confinem ent 
m eans increasing the effective concrete area that carries tensile stresses [56].

(b) M 8-FA -12

&
1 0

S 0 5

I
0.0

— I------------------1------
--------M 8 -F A - 1 2 -A
----- M 8 -F A - 1 2 -B
------ M 8 -F A - 1 2 -C
----- M 8 -F A - 1 2 -D

A v era g e  a x ia l stra in  (1 0  )

5 0 0  1 0 0 0  1 5 0 0  2 0 0 0  2 5 0 0

A v erage  a x ia l stra in  ( 1 0  )

A v erage  a x ia l stra in  ( 1 0  )

Figure 11. Tension-stiffening factor (|3) vs. average axial strain for M8-FA.

A verage axial strain (1 0  )

A verage axial strain (1 0  )

1 .5

0

Figure 12. Tension-stiffening factor (|3) vs. averageaxial strain for M 9-FA.
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Average axial strain (10 6)

Average axial strain (10 6)

Figure 13. Tension-stiffening factor (|3) vs. average axial strain (a) M1-OPC-12; (b) M2-OPC-16.

3.4. Cracking Behavior o fA A  Concrete
3.4.1. Evolution of C rack Spacing

A  significant aspect of the investigation herein concerns crack spacing and its evolu
tion to provide a clear understanding of concrete cracking. Thus, crack spacing results that 
include the m axim um , average, and m inim um  crack spacing for all specim ens were m oni
tored during the test and reported in  Supplem entary  S3 (Table S1). This w as com pleted 
by  m easuring the distance betw een the visible cracks on the concrete surface w ith  the 
corresponding average axial strain (ec) of the prism . Since m any building codes form ulas 
evaluate the cracking in term s of average crack spacing (Sav,expr), the evolution of cracks 
in  the current study follow ed a sim ilar approach. Thus, the average crack spacing w as 
plotted as a function of the average axial strain, as show n in Figure 14. In addition, the 
diagram s are plotted to evidence the influence of com pressive strength and the associated 
reinforcem ent ratio on the final average crack spacing.

C om paring the response of AA  specim ens w ith  O PC counterparts in Figure 14, one 
can see that the stabilized cracking stage of form er concrete w as reached at a slightly 
sim ilar axial strain to that of O PC  specim ens. In general, both  types of concrete reached 
the crack-stabilized stage in an average axial strain that varies approxim ately  betw een 
1000 (10- 6 ) and 1750 (10- 6 ). H ow ever, Figure 14 and Supplem entary S3 (Table S2) show  
that the final average crack spacing of AA  specim ens varies betw een 72 and 109 mm. Still, 
O PC  control specim ens exhibited a larger average crack spacing that varies betw een 93 
and 164 m m . This indicates that the form er concrete developed m ore cracks, resulting in 
a sm aller crack width.
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Figure 14. Experimental final crack spacing vs. average axial strain (a) 10; (b) <p 12; (c) <p16.

To blotter capture the influence of reinforcem ent; ratio (p0%) on the; average cxack 
spacing, the average crack spacing w as plotted w ith  respect to the reinforcem ent ratio 
(p% ) in Figure 15. It is w orth  m entioning that increasing the reinforcem ent ratio led to 
a higher crack num ber that consequenfly  reduced the average crack spacing. This is 
because specimens w ith a high s tie l ratio had a smaller concrete cross-sectional arex, w hich 
required a low er force to gvnerate m ore cracks. This fxrce needs a sm aller reinforcem eni 
developm ent length that produces a smaller average crack spacing, w hich agrees well wifh 
the conclusions drawn in thg liteeatuie for OPC] and A/1 concrete [51,53,56,63- 65].

By neferring to F ig are 15c, the effects of com pressive strength on Che average crack 
spacing w ere m arginal. This suggests that the m inim al im provem ent in the crack spacing 
due to high-strength concrete only occurs by increasing the tensile strength of the concrete. 
This is in line w ith  w hat is w ell know n for O PC, w here the estim ation of crack spacing is 
independent of the concrete com pressive strength. Therefore, the im provem ent of crack 
spacing and, consequently, the crack w idth w ith  high-strength concrete occurs prim arily 
due to the higher tension-stiffening contribution of concrete that m ainly reduces the strain 
In the member. [56].

M any bu ild ing codes included a 0/ p  param eter in  estim ating the crack spacing of 
OPC concrete. Thus, it is w orth m entioning that Figure 15b describes the influence of this 
param eter on the average crack spacing of cracked A A  concrete, w here a possible linear 
expression betw een the m ean crack spacing and the 0/ p  param eter could be regressed. It
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is evident that increasing 0/p ratio produced a higher average crack spacing, which agrees 
w ith w hat is known about OPC concrete.

Reinforcement rati0, p % Bar daimeter to reinforcement ratio, 0/p (mm)

Compressive strength, f  (MPa)

Figure 15. Experimental average crack spacing vs. (a) p0% ratio; (b) <p/p ratio; (c) fc.

3.4.2. Final C rack Patterns

The crack patterns of all tested specim ens are given in Supplem entary S1 (Figure S1) 
together w ith  the corresponding crack num bers and locations. As show n in Figure 16, 
crack developm ent w as not uniform  on all sides of the tested specim ens. The first traverse 
(prim ary) cracks appeared near the m iddle portion of the specim en for both A A  concrete 
and O PC  prism s. Increasing the load resulted in w idening the first crack and form ing 
additional cracks. In some AA prism s, more than one crack appeared simultaneously, each 
crack occurring near the edge on the opposite side. This indicates a uniform distribution of 
tensile capacity along w ith the m em ber [50]. Splitting cracks, however, did not form in any 
specim ens, unlike the LCFA alkali-activated concrete prism  reported in the literature [26]. 
This could be due to the high bond strength of AA concrete and the adequate concrete cover 
around the steel bar [51]. In general, it is w orth  m entioning that the final crack spacing 
of A A  specim ens w as substantially  sm aller than those o f O PC  counterparts. Therefore, 
it can be said that A A  concrete gave a slightly better cracking perform ance com pared to 
OPC concrete.
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Figure 16. Final crack patterns of the tested specimens.

3.4.3. Growth of C rack W idth

The crack w idth  m onitoring began upon crack initiation and continued w henever 
a new  crack; appeared on the concrete surface. A fter the crack pattern stabilized, the 
m onitoring process w as catried  out at d ifferent loading intervals during the test w ith  
an increm ent that varied betw een 10 and 15 kN. A n exam ple of crack w idth m onitoring 
is g iven m  Figure 17 by  taking a picture that w as used to extract the crack w idth. The 
crack evolution for each specim en, including the m axim um , average, and m inim um  crack 
w idths, along w ith  the corresponding norm alized steel stress to yield strese (<r/Fy), are 
presented in  Supplem entary  S3 (Table S4) and represented geaphically as a function of 
norm alized steel steess in Supplem entery S2 (Figures S2-Sl-1i. i t it w orth m entioning that 
the evolution of the average crack w idth relies on the num ber of cracks formed at a specific 
load. fn thir regard, the fotm ation of m ulti-cracks at a particul ar load resulted in a uniform 
distribution of steel strain on the new ly formed cracks. Thus, the average crack width may 
not necessarily increase [26].

By referring to Supplem entary S2 (Figures S2-S10), it can be seen that specim ens 
w ith  a reinforcem ent ratio of 1.42%  developed cracks at a h igher c/ F y  ratio of about 0.2 
compared to the sam ples w ith a reinforcem ent ratio of 3.71%. This could be attributed to the 
significant tensile stresses carried by concrete before the initiation of cracks, as reported in 
the literature [26]. However, it can be observed that specimens w ith a higher reinforcem ent 
ratio (3.71% ) provide a narrow er crack w idth com pared to the specim ens w ith  a low er 
reinforcem ent ratio. O ne possible explanation  is that reducing the reinforcem ent ratio 
means a higher concrete cover that deters the internal cracks from propagating to the outer 
surface, resulting in a sm aller num ber of cracks [50,65] . O ne m ore significant observation 
that can be m ade from  the graphs is that for the sam e reinforcem ent ratio, specim ens 
w ith  higher com pressive strength gave a narrow er crack w idth, indicating the higher 
contribution of tension-stiffening effects that reduce m em ber strain [56].

As given in Supplem entary S2 (Figure S11), the O PC  control sam ple (i.e., M 1-O PC) 
developed fewer cracks w ith a bigger opening compared to its AA specim en's counterpart.
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This is because the intact O PC  concrete betw een cracks d id  not contribute significantly to 
the tensile capacity, resulting in  a higher elongation of the steel bar at the crack location 
and hence a w ider crack form ing. This conclusion agrees w ell w ith  the findings reported 
in  the literature [26] . Therefore, it can be generally  m entioned that A A  specim ens had 
a substantially sm aller crack w idth than those OPC counterparts due to the higher tension- 
stiffening behavior of the form er concrete.

The crack w idth  grow th results show n in Supplem entary S2 (Figures S2-S10) w ere 
described in a m athem atical expression logarithm ic form  for each specim en as a function 
of norm alized steel stress and reported in Supplem entary S3 (Table S5). In addition, m ore 
general m athem atical expressions w ere developed for the entire specim ens tested in  the 
present study (Figure 18) for the m inimum, average, and m axim um  crack. These predictive 
m odels are presented in Equations (5)-(7).

Figure 17. Sample of crack width measurement for the following specimens: (a) M5-FA-10 (A); 
(lb) M8-FA-16 (A); (c) M9-FA-16 (B); (d) M1-OPC-12 (B); (e) M1-OPC-16 (B).
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Figure 18. Crack width growth versus steel stress/yield stress (a/Fy).

3.5. Comparison o f  Experim ental Cracking Response with Code Provisions

This section thoroughly discussed the verification of the experim ental crack spacing 
and w idth  through com parisons w ith  that com puted us m g the O PC codes form ula. Re
gressed m odels w ere also proposed, and their predictions w ere statically com pared w ith 
OPC codes.

3.5.1. C om parison of Experim ental C rack Spacing w ith Code Provisions

One of the main goals of the current w ork is to check the applicability of OPC concrete 
approaches in various codes' provisions by  com paring the estim ated values of the crack 
spacing w ith  the experim ental results of the present study. The design codes considered 
w ere EC2 [61] and M C 90 [66], and their form ulations are provided in  Table 5 . The ser
viceability  analyses described in these codes of practice are intended for the stabilized 
cracking stage [51]. Thus, a com parison w as made between the experimental and predicted 
average and m axim um  crack spacing values at the crack stabilized stage, w hich are given 
in Supplem entary S3 (Table S2) and graphically plotted in Figure 19. The predicted crack 
spacing is m arked w ith  different legends according to the code of practice em ployed to 
avoid overlapping in the data, w hich is m ore likely to occur.

By referring to Figure 19, it can be seen that the average crack spacing predictions by 
EC2 [61] form ula fell slightly under the equality  line; how ever, the predicted m axim um  
crack spacing results lie close to the equality line. This indicates that the predicted values 
agree w ell w ith  the experim ental m axim um  crack spacing values. O ne possible cause of 
this agreem ent could be due to the actual concrete cover (c) and the h igh bond behavior 
considered in these provisions (assum ing k i = 0.8). In contrast, the predicted values of 
the average and m axim um  crack spacing by  C EB-FIP [66] provisions are m ostly  on the 
top side of the equality  line. This suggests that this code overestim ated the m axim  crack
spacing, especially at a lower reinforcem ent ratio (p = 1.47%), as shown in Supplem entary S3 
(Table S2).

to considering the concrete cover, Cc, bond factors, k1 , and loading factor, k2 , in the EC2 [61] 
formulation. As a result, it gave a better estimate of crack spacing. M eanwhile, an empirical 
model to estimate the average and maximum crack spacing as a function of 0/ p was derived 
based on  the EC2 [61] form ula and given in  Table 5, respectively. The estim ated average 
and m axim um  crack spacing by  the proposed m odels are presented in Supplem entary S3

The discrepancy in the predicted values betw een both design codes can be attributed
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(Table S2) and graphically com pared to the experim ental data as show n in Figure 19. This 
com parison revealed a better good agreem ent than the earlier two provisions, as statistically 
show n in Table 6 .

Table 5. Mean and maximum crack spacing provisions along with the proposed model.

Parameters Approach Expression

EC2 [61] 2c +  0.25k 1 k 2 - * -
Average crack spacing (Srm)

CEB-FIB [66]
pe ff

23 X  *
3-6Peff

Proposed model 2c +  0.046
pe ff

3.4c +  0.425k1k^—*—EC2 [61]
Maximum crack spacing (Smax) pe ff

*
36Peff

CEB-FIB [66]

Proposed model 3.41c +  0.036
peff

Notation: c: concrete cover; Ky. 0.8 for ribbed steel bar and or 1.6 for plain steel bar; K2 : 0.5 for flexural loading and 
1 for pure tension loading; *: steel bar diameter; pef : steel area to the effective area of the concrete in tension.

Figure 19. Predictions by codes and proposed model vs. experimental (a) average and (b) maximum 
crack spacing.
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Table 6. Comparison of experimental average and maximum crack spacing results with the 
predictive models.

Statistics

Average Crack Spacing (mm) Maximum Crack Spacing (mm)

EC2
[61]

CEB-FIB
[66] P EC2

[61]
CEB-FIB

[66] P

Mean 0.70 1.18 1.0 0.85 1.25 1.01
S.D 0.06 0.21 0.10 0.10 0.24 0.12
C.I 0.02 0.07 0.03 0.03 0.08 0.04
C.O.V 0.09 0.18 0.10 0.12 0.19 0.12

Notation: P = proposed model; S.D = standard deviation; C.I = confidence interval; C.O.V = coefficient of variation.

3.5.2. C om parison of the Experim ental C rack w idth w ith Code Provisions

The expressions of EC2 [61] and CEB-FIP [66] provided in Table 7 directly predict the 
m axim um  crack w idth (wmax) based on the m axim um  crack spacing. In contrast, the ACI 
224R  [67] approach can directly  predict the crack w idth  w ithou t estim ating the cracking 
space, as show n in the equations in Table 7 .

A n overall com parison betw een the experim ental and predicted m axim um  crack 
w idths is sum m arized in Supplem entary S3 (Table S3) and plotted in Figure 20a,b. Unlike 
the case of crack-spacing predictions, it can be observed that in Figure 20a, the predicted 
m axim um  crack w idth by C EB-FIP [66] form ulation lies closely to the equality  line. This 
indicates that the estim ated values agree w ith the experim ental results of m axim um  crack 
w idth w ith  m inim al variations. C onsidering the random  nature of cracking, this slight 
variation m ay be acceptable, and thus, the predictions of m axim um  crack w idth by CEB- 
FIP [66] are generally proven to be applicable.

Figure 20a shows that the predicted results by  the EC2 [61] form ula w ere m ost of the 
time below  the equity line even w hen the bond coefficient for high bond bars is considered 
(k1 = 0.8). This indicates that the EC2 [61] approach tends to underestim ate the m axim um  
crack w idth despite using the m axim um  predicted crack spacing to calculate crack width. In 
som e cases, the EC [61] form ula predicted half of the experim ental m axim um  crack width. 
This m ight be because the EC2 formula w as m ainly developed to evaluate the crack width 
of the flexural m em ber rather than the tensile member. Therefore, in Figure 20b , a second 
com parison w as performed again betw een the experim ental and new predicted maximum 
crack w idth, w hich  w as com puted directly based on the experim ental m axim um  crack 
spacing of each AA  specim en (Smax,exp) rather than using the theoretical m axim um  crack 
spacing (Sav,pred). A n im provem ent in code predictions has been obtained, and therefore, 
the crack w idth code form ulas of EC2 [61] have been  proven to be applicable despite the 
slight inconsistency in predictions.

Com paring the experim ental and the prediction values of the m axim um  crack w idth 
by  the A C I 224R  [67] provision given in Figure 20a , it is clearly  seen that the calculated 
m axim um  crack w idth is better than the previously  m entioned provisions. The slight 
underestim ation betw een the theoretical and experim ental crack w idth is likely due to the 
crack w idth form ula being intended for the flexural m em bers w ith narrow er crack w idths 
than tensile m em bers. Since A C I 224R  [67] provided better predictions of crack w idth, a 
m athem atical m odel to predict the m axim um  crack w idth w as derived for A A  concrete in 
Table 7. The prediction of this m odel is graphically  plotted in Figure 20a and statistically 
com pared w ith other provisions in Table 8 .
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Table 7. Formulations for crack width considered in the present study.

Parameters Approach Formula

Maximum crack width
EC2 [61]

CEB-FIP [66]

ACI224R [67] 
Proposed Model

wK _  Smax (£-sm &cm)
„ „ _  „ K  \fctmAc,ef f  + fctm "1bsm bcm — Kt \ EsAs ' Ec 

wk _  s,max (&sm &cm &cs)
~ ~ ~ k \ f ctm(1 + ae p) ]t sm t cm — ts kt \ Es p

wmax — 0.0145(75 (dc A )0'33 X  10—3 
wmax — 0.01767 s (dc A )0'33 X  10—3

Notation: WK: the characteristic crack width; esm — ecm: the difference between steel mean strain and concrete 
mean strain; ecs: the concrete shrinkage strain (neglected); f ctm; the mean tensile strength of concrete (0.3Fck2/3); 
Es: the modulus of elasticity of reinforcement; Ec: the modulus of elasticity of concrete (22 (Fcm/10)0 3); s,max: the 
maximum crack spacing; As: the area of steel bar; Ac,ejf. the effective area of concrete in tension; es: the strain in 
the reinforcing bar at the cracked section at the actual load (es = (P/EsAs)); kt: 0.6 for short-term loading and 0.4 
for long-term loading; 7s: the stress in the steel bar at the cracked section; dc: the concrete cover to the center of 
the steel bar; A: the effective concrete cross-section; ae: the modular ratio (Ec/Es).

(b)

Measured maximum crack width, w _„„ (mm)
I I la A ,C X p

Figure 20. (a) Predictions by code s and proposed model "vs. experimental maximum crack ■width and 
(b) Predictions by codes vs. experimental maximum crack width.
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Table 8. Comparison of experimental maximum crack width results with the predictive models.

Statistics

Maximum Crack Width (mm)

EC2
[61]

CEB-FIP
[66]

ACI 224R 
[67] P

Mean 0.65 0.66 0.86 1.05
S.D 0.11 0.09 0.14 0.17
C.I 0.04 0.03 0.05 0.06
C.O.V 0.17 0.14 0.16 0.16

Notation: P = proposed model; S.D = standard deviation; C.I = confidence interval; C.O.V = coefficient of variation.

4. Conclusions

Alkali-activated concrete is a sustainable construction material, and understanding its 
tension stiffening and crack spacing and w idth is of critical im portance. These properties 
are essential indicators of the concrete suitability for structural applications, particularly at 
service lim it states. Therefore, the current w ork aimed to investigate the tension stiffening 
and cracking perform ance of A A  concrete by considering a w ide range of com pressive 
strengths and Cc/db ratios. Following this, the applicability of OPC concrete approaches in 
various codes of practice to predict the crack spacing and w idth of this concrete has been 
exam ined. Based on the results of the present w ork, these conclusions w ere drawn.

1. Both A A  and O PC  concrete prism s developed slightly sim ilar axial cracking force 
(Ncr). Both concrete types also have a global response consisting of three stages: elastic, 
cracking, and stabilized. H ow ever, the O PC  prism s experienced a brittle cracking 
m echanism , resulting in a sudden drop in the load-strain  curves at the crack location.

2. A A  concrete prism s developed m ore than one crack sim ultaneously, suggesting 
that the concrete tensile strength w as m ore uniform  in A A  specim ens than in  O PC 
specim ens. The tension-stiffening factor (p) o f A A  concrete exhibited better ductile 
behavior than O PC  concrete due to the strain com patibility  betw een concrete and 
steel even after the crack ignition. In  contrast, O PC  concrete experienced a gradual 
reduction in the tension-stiffening factor (p) after the crack formation.

3. C om pressive strength w as generally  found to be an influencing param eter in the 
global response of tested prisms because it improves the cracking resistance and bond 
betw een concrete and reinforcem ent. In addition, increasing the confinem ent (Cc/db 
ratio) around the steel bar im proves the tensile capacity of the surrounding concrete, 
w hich delays the formation of internal cracks and, consequently, enhances the tension 
stiffening of AA concrete.

4. In  contrast to AA  concrete, the O PC  control sam ple developed few er cracks w ith  
a bigger opening, as the in tact O PC  concrete betw een cracks did not contribute 
significantly to the tensile capacity, resulting in a higher elongation of the steel bar at 
the crack location and.

5. The predicted crack spacing by EC 2 w as alm ost in line w ith that obtained experim en
tally. This agreem ent could be due to considering the actual concrete cover (c) and 
the high bond behavior considered. In contrast, CEB-FIP predictions of crack spacing 
are m ostly  on the top side of the equality  line. In addition, code provisions tend to 
underestim ate the m axim um  crack w idth, especially EC 2 [62], and this w as because 
the codes form ula w as intended for flexural m em bers w ith  narrow er crack w idths 
than tensile m em bers.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www. 
mdpi.com/article/10.3390/ma16114120/s1, Supplementary S1: Final crack pattern of all specimens; 
Supplementary S2: Crack width vs. steel stress/yield stress; Supplementary S3: Cracking results.
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