
DE GRUYTER Nanotechnology Reviews 2023; 12: 20230162

Research Article

Aditya Kumar Tiwary, Harpreet Singh, Sayed M. Eldin*, and R. A. Ilyas*

Residual mechanical properties of concrete 
incorporated with nano supplementary 
cementitious materials exposed to elevated 
temperature
https://doi.org/10.1515/ntrev-2023-0162 
received May 2, 2023; accepted November 9, 2023

Abstract: The co n stru c tio n  in d u s try  com m only  em ploys 
concre te  as a co n stru c tio n  m ateria l, w h ich  som etim es 
m ay  be su b jec ted  to  fire  exposure . It is im p o rta n t to  ad o p t 
fire sa fe ty  m easu re s  w hile  p lan n in g  a n d  co n stru c tin g  such  
s tru c tu re s  to en su re  the  sa fe ty  of th e  occupan ts a n d  the 
s tru c tu ra l in teg rity  o f th e  concrete . So, d e te rm in in g  its 
p e rfo rm an ce  a t e leva ted  te m p e ra tu re s  is o f u tm o st im p o r
tance . The m a in  objective o f th is s tu d y  w as to investiga te  
th e  im p ac t o f m in e ra l in co rp o ra tio n s, nam ely , n an o  b en to 
n ite  clay (NBC) an d  n an o  fly ash  (NFA), o n  th e  re ta in e d  
p ro p e rtie s  o f concrete  a t n o rm a l (27°C) an d  a t e leva ted  tem 
p era tu res . The feasib ility  o f p a rtly  substitu ting  o rd in a ry  
P o rtland  cem en t u tilizing  a m ix tu re  o f NBC (0-5% ) and  
NFA (0-50%) in  concrete w as assessed u nder the exposure to 
an  elevated tem peratu re  ranging from  200 to 600°C. Several 
param eters w ere exam ined, including compressive strength,

flexura l streng th , sp lit tensile capacity, w a te r  pen e tra tio n , 
loss o f m ass, u ltra so u n d  pu lse  velocity, an d  m icro struc tu re  
p ropertie s . A fter the  ex perim en ta l analysis, it w as observed  
th a t th e  fire  en d u ran ce  w as show n to be im proved  w ith  the 
inclusion  of nanopartic les (BC an d  FA). A reduc tion  in  the 
loss o f m ass b y  sam ples sub jected  to e levated  h e a t w as 
observed  w ith  th e  add ition  of nano  ben ton ite  an d  NFA. 
The m echan ica l stren g th  resu lts  w ere  ob ta ined  as m ax im um  
fo r th e  concrete  specim ens w ith  2% NBC an d  20% NFA 
an d  fu rth e r, th e  specim ens p e rfo rm ed  b e tte r  w h en  exposed 
to  e levated  tem p e ra tu re  as com pared  w ith  n o rm al concrete 
specim ens. The m icrostructure of the concrete also upgraded 
w ith  better im perm eability  owing to the use of NBC and  NFA.
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p ro p e rtie s , m ic ro s tru c tu re  analysis
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BC b en to n ite  clay
FA fly ash
L p a th  len g th  m e a su re d  b e tw een  tra n sm itte r  an d

rece iv e r (m m )
M l m ass loss (%)
M1 m ass o f concre te  b lock befo re  ap p lica tion  o f h igh

te m p e ra tu re  (kg)
M2 m ass o f concre te  b lock a f te r  ap p lica tion  of h igh

te m p e ra tu re  (kg)
NBC n an o  b en to n ite  clay
NFA n an o  fly ash
OPC o rd in a ry  P o rtlan d  cem en t
SCM su p p le m e n ta ry  cem en titious m a te ria ls
SEM scan n in g  e lec tro n  m icroscope
51 concre te  specim ens w ith  n an o  b en to n ite  clay  1%

an d  n an o  fly a sh  10%
52 concre te  specim ens w ith  n an o  b en to n ite  clay  2% 

an d  n an o  fly a sh  20%
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S3 concre te  specim ens w ith  n an o  b en to n ite  clay  3%
an d  n an o  fly ash  30%

S4 concre te  specim ens w ith  n an o  b en to n ite  clay  4%
an d  n an o  fly ash  40%

S5 concre te  specim ens w ith  n an o  b en to n ite  clay  5%
an d  n an o  fly ash  50%

Tl tim e over w h ich  u ltra -son ic  pu lse  tran s its  the
p a th  len g th  (^s)

UPV u ltra so n ic  pu lse  velocity
V ultra -son ic  pu lse  velocity  (km /s)
XRD X -ray d iffrac tion

1 Introduction
C oncrete is w ell k n o w n  fo r h a v in g  in teg ra ted  fire  re s is
tance and  offering som e degree of endurance  and  therm al 
resistance in  h igh-tem perature  scenarios. D uring its lifetime, 
in frastruc tu re  m ay be exposed to a n u m b er of hazards, 
including fire [1]. The durability  of a concrete s truc tu re  allows 
it to endu re  catastrophes like accidental fires for a longer 
period  th an  a m etallic structure . D egradation of concrete 
takes place ow ing to exposure to fire for long dura tion  and  
m axim um  tem peratu re . The m echanical p roperties of con
crete can also be in fluenced by  o ther a ttributes, nam ely, 
the heating  rate, k ind  of aggregate, specim en size, w a te r con
tent, an d  m atu rity  of the specim en [2- 4]. As the tem pera tu re  
increases, w a te r evaporates from  the calcium -silicate-hydrate 
(CSH) paste , causing th e  calcium  hydrox ide  an d  calcium  
alum ina te  to decom pose [5,6]. A pproxim ately  100°C is the 
tem p e ra tu re  w h e re  free w a te r  evaporates, 400-500°C is the 
tem p e ra tu re  w h en  P ortland ite  (Ca(OH)2 ) dehydroxylate  and  
calcium  oxide (CaO) decom pose, an d  600°C is th e  tem p e ra 
tu re  a t w h ich  the aggregates becom e q u artz  [7,8]. As con
crete  is ex tensively  u tilized  in  construction , d e te rm in ing  its 
p erfo rm an ce  a t e levated  tem p era tu res  is o f u tm o st im p o r
tance  [9,10].

A ccording to C hen et al. [11], fac to rs such  as du ra tio n , 
p eak  te m p e ra tu re , a n d  so r t o f cooling affect th e  s tren g th  of 
concrete . In  early-stage curing , concre te  th a t h a s  been  
exposed  to g re a te r  h e a tin g  in  th e  ran g e  o f 800°C can  reg a in  
its com pressive  stren g th . The coo lan t type (a ir /w a te r)  h as  
an  effect on  th e  s tren g th  reco v ery  [12]. C oskun an d  Tanyil- 
dizi s tu d ied  th e  com pressive an d  sp litting  tensile  capacity  
of ligh tw eigh t concre te  in  re la tio n  to fly ash  (FA) co n ten t 
(10-30%) a n d  th e  app lica tio n  of h e a t v a ry in g  fro m  200 to 
800°C [13]. Specim ens th a t co n ta in ed  30% FA d em o n s tra ted  
th e  m ost rem ark ab le  stren g th  results . In  the  outcom e, ow ing 
to the pozzolanic characteristics o f FA, h igh  tem p era tu res  
d id  no t adversely  affect th e  concrete  stren g th  [14]. A ccording

to Xu et al. [15], h igh -tem pera tu re  d u rab ility  an d  m echanical 
characteristics o f pu lverized  FA concrete  im proved  u n d e r  
te m p e ra tu re  ranges of 450-650°C, w ith  450°C hav ing  the 
m ost significant im pact. In  a study  by  M arzouk an d  H ussein  
[16], concrete  con ta in ing  25% FA w as tes ted  u n d e r  a w ide 
ran g e  o f te m p e ra tu re  exposure betw een  21 an d  232°C. For 
th e  h e a t app lication  o f tem p era tu res  o f a ro u n d  121-149°C, 
concrete  stren g th  w as observed  to be boosted. Concrete con
ta in ing  ben ton ite  con ten t w as tested  a t am b ien t tem p e ra 
tu re  an d  elevated  tem p e ra tu re  b y  A hm ad et al. N onetheless, 
n o t m uch  enhan cem en t in  com pressive s tren g th  w ith  ben
ton ite  con ten t w as reg istered . An acid a ttack  resistance  w as 
found  to be  b e tte r  w h en  30% ben ton ite  w as p re se n t [17]. 
F u rth er, th e  com pressive stren g th  o f concrete increased  
w h en  ben ton ite  con ten t w as 20% of th e  m ix  [18]. The ideal 
qu an tity  o f ben ton ite  in  th e  concrete  exposed to h ig h er 
tem p e ra tu re s  is n o t yet fully understood . B entonite clay 
(BC) is a clay m ate ria l w ith  a h igh  m ontm orillon ite  quan tity  
in  add ition  to being a nano  clay [19]. N ano ben ton ite  clay 
(NBC) h as been  found  to possess a g rea te r surface  a rea  along 
w ith  a g rea te r cation  exchange capacity, w h ich  m akes it an  
effective m ate ria l fo r use  in  concrete  as a substitu te  for 
cem en t [20,21]. F u rther, the  n an o  size o f NBC can  be v e ry  
effective in  filling voids w h ich  can  fu r th e r  im prove the 
w orkability , durab ility , an d  im perm eab ility  o f concrete.

T here  is a g re a t dea l o f in te re s t in  su b s titu tin g  pozzo- 
lan ic  su p p le m e n ta ry  cem en titious m a te ria ls  (SCMs) fo r 
cem en t due  to  its h igh  d em an d  as a p r im a ry  bu ild in g  m a te 
ria l, its g re a te r  expense  w h e n  co m p ared  to o th e r in g red i
en ts  in  concrete , a n d  th e  issues re la te d  to th e  re le a se  of 
g reen h o u se  gases over its p ro d u c tio n . Pozzolanic m a te ria ls  
typ ica lly  h av e  m icron-sized  p a rtic le s ; h o w ev er, it is pos
sible to cru sh  a n d  pu lverize  th em  to crea te  nanoscale  p a r 
ticles [22]. Using SCMs, such  as bagasse ash  [23,24], b last 
fu rn ace  slag [25,26], FA, an d  rice  h u sk  ash  [27,28], in  concrete 
p ro d u c tio n  can  im p ro v e  its m ech a n ica l a n d  d u ra b ility  
p e rfo rm an ce  w hile  sim ultaneously  reduc ing  resou rce  con
sum p tio n  a n d  low ering  carb o n  dioxide em issions. Silica 
fum e enhances concrete  res idua l stren g th  u p  to 200°C; how 
ever, it  causes a considerab le  decrease in  stren g th  a t h ig h er 
tem p e ra tu re s  due to  th e  d en se r tran s itio n  zone [29]. The 
stren g th  of FA-based concrete  declined  up  to 250°C, th en  
recovered  betw een  250 an d  350°C. B eyond 350°C, th e  FA 
concrete  lost its streng th , exhib iting  su p e rio r h e a t resistance  
a t 550°C th a n  th e  contro l concrete  [30]. Concrete s treng th  
w ith  0 an d  20% ground  granu la ted  blast fu rnace slag (GGBFS) 
declined at 100°C bu t increased  as the tem p era tu re  increased. 
Up to 350°C, concrete w ith  40 and  50% GGBFS rep lacem ent 
ratios exhibited no significant change in  residual strength, 
but h igher replacem ent ratios resulted in  low er strength [31]. 
F u rth erm o re , a lte rna tive  m ateria ls  such  as polypropylene
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fib res [9], steel fib res [32], ca rbon  n ano tubes [33], nano  
silica, n an o  titan iu m  [34- 36], an d  n an o  a lum ina [37] have  
b een  em ployed in  the  p ro duc tion  of concrete. A lthough 
these  m ate ria ls  a re  effective in  im prov ing  the  perfo rm an ce  
of concrete in  term s of mechanical and  durability properties, the 
cost of these m aterials is a concern. The w aste materials from  
in dustries  can  be utilized, w h ich  possess som e cem entitious 
p ropertie s, as p a rtia l rep lacem en t fo r cem ent fo r achieving 
cost effectiveness along w ith  im prov ing  the  m echanical and  
d u rab ility  perfo rm an ce  of concrete [38- 40]. A red u c tio n  in  
c a rb o n  dioxide em issions can  be achieved by  rep lacing  
cem en t w ith  NBC an d  n an o  fly ash  (NFA) as these  are  
ob ta ined  from  w aste  m ateria ls  an d  red u ce  the  consum ption  
o f cem en t w h ich  is responsib le  fo r g reenhouse  gas em is
sions du rin g  its p roduction , m aking  concrete  p rod u c tio n  
m ore  cost-effective [41,42]. P rio r studies h a d  exp lored  the 
characteristics o f m o rta r  an d  concrete w h en  inco rpo ra ting  
ben ton ite  an d  FA as constituen ts. Several experim en ts have  
p re sen ted  a n  outcom e th a t FA an d  ben ton ite  can  u p g rade  
cem entitious m ate ria ls’ p o re  s truc tu re , th u s im prov ing  th e ir  
d u rab ility  [17,43,44].

T he necessity  fo r p a r t ic u la r  re se a rc h  on  add ing  n an o  
b en to n ite  an d  NFA is a gap  in  th e  ex is ting  lite ra tu re  on 
concre te  sub jec ted  to ex trem e  te m p e ra tu re s . The stu d y  
covers a m a jo r know ledge gap  by  considering  fire  sce
n a rio s  an d  su s ta in ab le  needs in  construc tion , o ffering  v ita l 
in fo rm a tio n  fo r bu ild in g  fire -re s is tan t s tru c tu re s  an d  sa tis
fy ing  in d u s try  su s ta in ab ility  targets. The a im  of th is stu d y  
is to investiga te  the  im p ac t of m in e ra l in co rp o ra tio n s, 
nam ely , NBC a n d  NFA, on  the  re ta in e d  p ro p e r tie s  o f con
cre te  a t n o rm a l (27°C) an d  a t e leva ted  tem p e ra tu re s . In  th is 
exp lo ra tion , th e  feasib ility  of p a rtly  su b s titu tin g  o rd in a ry  
P o rtlan d  cem en t (OPC) u tiliz ing  a m ix tu re  of NBC an d  NFA 
in  concre te  w as considered . M ix tures in c lu d ed  1 ,2 ,3 ,4 , an d  
5% NBC w ith  10, 20, 30, 40, an d  50% NFA. A post-fire  expo
su re  b eh av io u r on  th e  re ta in e d  ch a rac te ris tic s  of concre te  
in c lu d in g  NBC an d  NFA w as investiga ted  a t a n  e leva ted

te m p e ra tu re  o f 200, 300, 400, 500, an d  600°C. Several p a ra 
m e te rs  w e re  exam ined , inc lud ing  com pressive streng th , 
flex u ra l stren g th , sp lit tensile  stren g th , w a te r  perm eab ility , 
m ass loss, u ltra so u n d  pu lse  velocity, an d  scan n in g  elec tron  
m icroscopy  (SEM).

T he p re s e n t in v es tiga tion  exam ines a u n iq u e  stra teg y  
to le ssen  the  ad v e rse  consequences of h igh  te m p e ra tu re s  
by  in co rp o ra tin g  NBC an d  NFA in to  concre te . By en h an c in g  
th e  th e rm a l s tab ility  an d  m ech an ica l p ro p e r tie s  of con
crete , th ese  n an o p artic le s  h av e  the  capab ility  to  in crease  
a s tru c tu re ’s fire  re s is tan ce  an d  d u rab ility  p e rfo rm an ce  
[22,42]. In  the  a re a  of civil eng ineering , th is  s tu d y  is c rucial 
because  it m ay  h e lp  in  th e  p ro d u c tio n  of m o re  d u rab le  
a n d  en v iro n m en ta lly  fr ien d ly  b u ild ing  m a te ria ls  th a t a re  
capab le  o f su s ta in in g  h igh  te m p e ra tu re s . T h rough  the 
use  of these  in g red ien ts , th e  inv es tig a tio n  encou rages les
sen in g  th e  e n v iro n m en ta l effect o f u su a l cem en t p ro d u c 
tion . The novel fe a tu re  o f th is  ap p ro ach  is th e  o p p o rtu n ity  
to investiga te  th e  synerg istic  im pacts o f NBC a n d  NFA on 
th e  re s id u a l m echan ica l ch arac te ris tics  o f concre te  afte r 
h ig h -tem p e ra tu re  exposure . T hrough  th o ro u g h  inves tiga
tio n  a n d  evalua tion , th e  re se a rc h  seeks to p ro v id e  th e  basis 
fo r fu tu re  deve lopm en ts  in  fire -re sis tan t bu ild in g  m a te 
ria ls  w h ile  also o ffering  insigh tfu l in fo rm a tio n  on  the  effec
tiveness o f nano -m od ified  concrete .

2 Experimental work

2.1 Material properties

2.1.1 Cement

OPC 43 g rad e  in  com pliance  w ith  IS 8112:2013 [45] w as 
u tilized  as a b in d e r  fo r concre te  p ro d u c tio n  since it is the 
m ost p o p u la r  k in d  of b in d e r  w h ich  is b e ing  u tilized  fo r the
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Table 1: Physical characteristics of coarse aggregates

Particulars Value

Water absorption (%) 0.81
Crushing strength (%) 16.9
Loose bulk density (kg/m3) 1,325

Rodded bulk density (kg/m3) 1,455
Impact resistance (%) 18.6
Abrasion resistance (%) 25.8

p resen ted  in  Figure 1(c) w as utilized for the p resen t investiga
tion. Particle size distribution, w a te r absorption, crushing 
strength of aggregates, bulk density, im pact resistance of aggre
gates, and  aggregate abrasion value w ere determ ined as show n 
in  Table 1. The particle size distribution curve for fine and 
coarse aggregates is depicted in  Figure 2(a).

2.1.4 N anom aterials

p u rp o se  of concre te  p ro d u c tio n . OPC 43 g rad e  w ith  a spe
cific g rav ity  o f 3.15 a n d  an  in itia l se tting  tim e  of 35 m in  as 
dep ic ted  in  F igure  1(a) w as u sed  in  th is study.

2.1.2 Fine aggregate

F ine  aggregate  hav in g  a specific g rav ity  of 2.65 w ith  san d  
sieved  over an  IS 4.75 m m  sieve in  com pliance w ith  g rad ing  
zone II o f IS 383:2016 [46] as p re se n te d  in  F igure 1(b) w as 
u tilized  in  th is study. D ifferences in  v o id  co n ten t can  re su lt 
in  sign ifican t d ifferences in  w a te r  d em an d  b e tw een  fine 
aggregates o f th e  sam e g rad in g  [47,48]. It is m ore  im p o rta n t 
to co n sid er w a te r  re q u ire m e n ts  th a n  physica l pack ing  in  
d e te rm in in g  th e  op tim al g rad a tio n  o f fine aggregate  fo r 
concrete . It is p re fe rab le  to  use  fine aggregates w ith  fine
ness m o d u li o f 2.5-3.2.

2.1.3 Coarse aggregateand cooling procedure

A local q u a rry  c ru sh ed  a n g u la r g ran ite  aggregates w ith  a 
n o m in a l size of 10-20 m m  a n d  a specific g rav ity  o f 2.74 as

The NBC is u sed  in  th is s tu d y  as sh o w n  in  F igu re  3(a). NBC 
can  be u sed  in  cem en t by  w ay  o f a b in d in g  agen t in  ad d i
tio n  to  en h an c in g  th e  p ro p e r tie s  o f th e  fina l p ro d u c t. W hen  
ad d ed  to cem ent, NBC can  in c rease  th e  m ix tu re ’s w o rk 
ab ility  a n d  flow  in  ad d itio n  to d ecreas ing  th e  w a te r  co n ten t 
re q u ire d  fo r m ixing. It can  also im p ro v e  th e  d u rab ility  as 
w ell as th e  s tren g th  of th e  cem en t th ro u g h  th e  d ecrease  in  
p e rm eab ility  in  ad d itio n  to in c rea sed  re s is tan ce  to che
m ical a n d  physica l stress  [49,50]. A dditionally , NBC can  
red u ce  th e  am o u n t o f sh rin k ag e  a n d  crack ing  th a t  occurs 
d u rin g  th e  d ry ing  p rocess. O verall, th e  use  o f NBC in  
cem en t can  le ad  to h ig h e r q u a lity  an d  a m ore  re liab le  final 
p ro d u c t [42].

P u lverized  coal is b u rn e d  in  elec tric  g en e ra tio n  p o w er 
p lan ts  to g en e ra te  FA, a fine p o w d e r as sh o w n  in  F igure 
3(b). FA is a pozzo lan ic  m a te ria l w h ich  is com posed  of 
siliceous a n d  a lu m in o u s com pounds a n d  can  re a c t w ith  
w a te r  to fo rm  cem en titious com pounds. Due to its low  
em bod ied  en erg y  as w ell as its ro le  as a by-product, FA is 
accep ted  as an  eco-friend ly  m a te ria l [51]. M any FA sources 
co n ta in  pozzo lan ic  FA, w h ich  consists o f siliceous a lu m in a  
a n d  siliceous m a te ria l th a t com bines w ith  calc ium  h y d ro 
x ide  to fo rm  cem en t [52]. The physica l an d  chem ical com 
p o sitio n  of cem en titious m a te ria l (NBC a n d  NFA) is lis ted  in

Figure 2: Particle size distribution curves (a) fine aggregate and coarse aggregate, (b) cement, NBC and NFA.
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(a)

Figure 3: Nanomaterials (a) NBC, (b) NFA.

T ables 2 an d  3. The p a rtic le  size d is tr ib u tio n  cu rve  fo r 
cem en titious m a te ria ls  is p re se n te d  in  F igure 2(b).

2.1.5 X-ray diffraction (XRD) analysis of nanom aterials

The c ry sta llog raph ic  s tru c tu re , chem ical con ten t, a n d  ph y 
sical p ro p e r tie s  o f a m a te ria l can  all be  d e te rm in ed  by  XRD 
analysis, a n o n -des truc tive  app roach . F o r th is p u rp o se , 
som e sam ples of FA a n d  BC h av e  b een  p ro cessed  in to  
nan o -fo rm  an d  te s ted  using  XRD. F igure 4 (a -d ) d isplays 
th e  c rysta lline  p h ase  of the  m a te ria ls  th a t h av e  b een  
iden tified .

A p eak  value  p o in tin g  to w a rd  th e  ex is tence of che
m ical co n stitu en ts  such  as calc ium , m agnesium , a lu m i
n iu m  silicate , an d  silicon  oxide in  b o th  FA an d  BC is 
d ep ic ted  in  F igure 4(a) an d  (c). S im ilarly , as d isp layed  in  
F igure 4(b) a n d  (d) NFA an d  NBC possessed  th e  sam e peaks 
o f chem ical constituen ts. Silicon d ioxide (SiO2), a lu m in iu m  
oxide (Al2 O3 ), iro n  oxide (Fe2 O3 ), CaO, a n d  a few  o th e r 
in s ig n ific an t e lem en ts  c o n stitu te  a sig n ifican t p o r t io n  of 
NFA. M on tm o rillo n ite , a fo rm  of clay  su b s tan ce , co n sti
tu te s  th e  m a jo rity  of b en to n ite . It ad d itio n a lly  co m p rises  a 
v a r ie ty  o f m in e ra ls  in c lu d in g  calc ite , gypsum , q u a rtz , an d  
fe ld sp a r. The p a r t  su b s titu tio n  o f cem e n t u tiliz in g  NFA 
a n d  NBC is p o ss ib le  a n d  it can  fu r th e r  im p ro v e  co n c re te ’s 
m ech a n ica l a n d  d u ra b ili ty  p ro p e r tie s .

Table 2: Physical characteristics of cementitious ingredients

Particulars Cement NFA NBC

Specific gravity 3.15 2.1 2.3
Specific surface area (m2/g) 0.3 360 465
Particle size (|jm) 16.03 0.02-0.07 0.01-0.05

(b)

2.2 Mix design and specimen details

The concre te  b len d  w as p re p a re d  in  acco rdance  w ith  
IS 10262:2009 [53] u s in g  th e  p ro c e d u re  d e m o n s tra te d  in  
F igu re  5. A to ta l o f six  m ixes (S0, S1, S2, S3, S4, an d  S5) 
w e re  p re p a re d  in  th is  s tu d y  in  th e  p ro p o r tio n  o f 1:1.7:2:48 
w h ich  w as  d e te rm in e d  fro m  th e  m ix  desig n  o f M25 g rad e  
o f co n cre te . S0 is p re p a re d  as a re fe re n c e  o r  c o n tro l sp e 
c im en  w ith o u t an y  ad d itio n  o f n a n o m a te ria ls . F u rth e r , as 
o b se rv ed  in  p r io r  re se a rc h , NFA sign ifican tly  in flu en ces 
th e  p ro p e r tie s  o f co n cre te  w h e n  a d d e d  in  th e  p ro p o r tio n s  
o f 10-40%  [22,54- 56]. H ow ever, in  th e  case o f NBC, due  to 
its  f in e r  p a rtic le s , it m ig h t re d u c e  th e  w o rk a b ility  an d  can  
h a v e  neg a tiv e  effects on  s tre n g th  d e v e lo p m en t w h e n  u ti
liz ed  a t h ig h e r  p ro p o r tio n s , th a t  is w h y  lo w er p e rcen tag es  
o f up  to 5% re p la c e m e n t w e re  u tiliz ed  s im ila r  to  p a s t 
s tu d ies  to get a b e t te r  in s ig h t a b o u t its  b e h a v io u r  in  con
cre te  [42,57,58]. H ence th e  o th e r  five m ixes re p re s e n t the  
sam p les  w ith  p a r t  su b s titu tio n  o f c em e n t by  w e ig h t w ith  
n a n o  b e n to n ite  in  p ro p o r tio n s  o f 1, 2, 3, 4, a n d  5%, an d  
NFA in  p e rc e n ta g e s  o f 10, 20, 30, 40, a n d  50%. The w a te r-

Table 3: Chemical compositions of cementitious ingredients

Particulars Cement NFA NBC

CaO 60.65 1.74 1.97

2iOSi 19.21 53.41 50.95
Al2O3 4.99 24.62 19.60
Fe2 O3 4.11 13.12 5.62
MgO 3.02 1.22 3.29
SO3 2.44 0.22 —
Na2 O 0.31 0.35 0.98
k2o 0.38 0.72 0.86
TiO2 — 1.47 0.62
MnO — 0.1 —

2 Oo — — 1.28
Loss on ignition (%) 1.65 0.5 15.45
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Figure 4: XRD graphs (a) fly ash, (b) NFA, (c) bentonite clay, (d) NBC.

to -cem en t p ro p o r tio n  w as d e te rm in e d  as 0.42. The m ix  
q u a n titie s  fo r co n c re te  sp ec im en s w ith  NBC a n d  NFA 
a re  d ep ic ted  in  T able 4 .

The m ix  w as p re p a re d  as p e r  th e  p ro p o r tio n  specified  
an d  filled  in  th e  cube (150 m m  side), beam  (100 m m  sq u are  
side a n d  500 m m  length), an d  cy linder (150 m m  d iam e te r 
an d  300 m m  heigh t) m oulds. The concre te  w as filled  in  
th re e  lay e rs  w ith  th e  p ack ing  of each  lay e r th ro u g h  a 
v ib ra tin g  tab le . An overa ll o f 432 sam ples w e re  cast com 
p ris in g  216 cubes, 108 cy linders, an d  108 b eam  specim ens. 
O ut o f these , 72 specim ens w e re  se t as con tro l specim ens

w h ich  w e re  te s ted  a t room  te m p e ra tu re  inc lu d in g  12 speci
m ens w ith o u t an y  u tiliza tio n  of NFA a n d  NBC. For each 
p ro p o r tio n  of th e  sam p le  of concrete , th re e  rep e titio n s  
w e re  m ad e  a n d  average  re su lts  w e re  co llected  fo r the 
sam e. The desc rip tio n  of th e  specim ens is p re se n te d  in  
T able 5. A fter filling th e  m ou lds w ith  th e  concre te  m ix, 
th e  m ou lds w e re  en fo lded  w ith  a th in  p o ly thene  sh ee t to 
e lim in a te  th e  d ecrease  in  w a te r  co n ten t [59,60]. A fter the 
p e rio d  o f 24 h, th e  specim ens w e re  ta k e n  o u t fro m  the 
m ou lds a n d  k ep t in side  th e  cu rin g  ta n k  fo r  28 days w h ich  
w as m a in ta in e d  a t am b ien t te m p e ra tu re  [47,61]. The

Figure 5: Concrete mixing procedure.
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Table 4: Mix proportions for concrete with NBC and NFA

Samples Cement (kg/m3) NFA (kg/m3) NBC (kg/m3) Fine aggregate (kg/m3) Coarse aggregate (kg/m3) Water (kg/m3)

S0 417.00 0 0 1113.12 787.65 175.14
S1 371.13 41.7 4.17 1113.12 787.65 175.14
S2 325.26 83.4 8.34 1113.12 787.65 175.14
S3 279.39 125.1 12.51 1113.12 787.65 175.14
S4 233.52 166.8 16.68 1113.12 787.65 175.14
S5 187.65 208.5 20.85 1113.12 787.65 175.14

th e  fu rn ace  w e re  m e a su re d  as 500 x 500 x 600 m m . Special 
tro lleys w e re  u sed  to p lace  th e  concre te  sam ples in s ide  th e  
fu rn ace . The h e a t w as in c rea sed  by  closing th e  fu rn ace  cap 
a f te r  th e  sam ples w e re  p u t in side  th e  fu rnace . In  a lo t o f 
p r io r  s tud ies [47,59,62], sam ples w e re  exposed  to  h igh  tem 
p e ra tu re s  acco rd ing  to  the  ISO-834 fire  cu rves [63]. In  som e 
stud ies, a co n stan t h ea tin g  ra te  o f 10°C/min o r 12°C/min 
w as em ployed  to  ach ieve th e  e leva ted  te m p e ra tu re  of th e  
spec im en  [62,64]. H ow ever, in  th is p re s e n t investiga tion , 
a h ea tin g  ra te  o f 15°C/min w as em ployed  to in c rease  th e  
te m p e ra tu re  o f th e  fu rnace . D igital th e rm o m e te rs  w ere  
u sed  to  re c o rd  th e  te m p e ra tu re  read in g s d u rin g  exposure . 
T im e vs te m p e ra tu re  in c rease  cu rve  fo r e leva ted  hea tin g  of 
ab o u t 200-600°C  fo r th e  spec im en  reco rd ed  from  th e rm o 
couples is sh o w n  in  F igure  7(b). T here  w as a tim e  lag 
reco rd ed  fo r th e  te m p e ra tu re  app lied  by  a fu rn ace  an d  
th e  o bserved  te m p e ra tu re  of the  concre te  sp ec im en  in  
th e  tim e vs te m p e ra tu re  g ra p h  fo r th e  specim en . A fter 
a tta in in g  its u ltim a te  te m p e ra tu re , th e  fu rn a c e ’s te m p e ra 
tu re  w as m a in ta in e d  fo r 2 h  to en su re  u n ifo rm  d is tr ib u tio n  
of te m p e ra tu re  th ro u g h o u t th e  spec im en  such  th a t th e  
in side  te m p e ra tu re  of th e  spec im en  w as a t th e  sam e level 
as th e  fu rn ace  [62,65,66]. To p re v e n t a fire  from  form ing , 
th e  fu rn ace  w as im m ed ia te ly  sh u t off once th e  ta rg e t 
h ea tin g  o f th e  sp ec im en  w as reach ed . A fter sh u ttin g  off 
th e  fu rnace , th e  sam ples w e re  k ep t in side  th e  fu rn ace  fo r

m ix ing  of specim ens, casted  specim ens a n d  cu rin g  o f speci
m ens a re  d isp layed  in  F igure  6.

2.3 Heating and cooling procedure

F igure  7 show s an  elec tric  fu rn ace  possessing  th e  ab ility  to 
h e a t th e  specim ens u p  to  1,150°C. The in n e r  d im ensions of

Table 5: Description of the specimens

Test type Specimen geometry (mm) No. of
specimens

Compression 

Split tensile

Flexural 

Water
permeability

150 x 150 x 150

100 x 100 x 500

150 x 150 x 150

108 (18-control, 
90-heated)

108 (18-control, 
90-heated)

108 (18-control, 
90-heated)

108 (18-control, 
90-heated)

Figure 6: Preparation of specimens (a) mixing of specimens, (b) casted specimens, (c) curing of samples.
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Figure 7: Heating procedure (a) electric furnace, (b) time vs temperature curve for specimen, (c) concrete specimens before and after exposure to 
raised temperature.

som e tim e  till th e  te m p e ra tu re  o f th e  specim ens red u ced  to 
100°C. A fterw ards, th e  sam ples w e re  p laced  to  cool d ow n  in  
th e  a ir  a t room  te m p e ra tu re .

2.4 Testing procedure

A fter h ea tin g  an d  cooling dow n o f th e  sam ples, th e  speci
m ens w e re  te s ted  u n d e r  d iffe ren t tes tin g  p ro ced u re s  as 
d escrib ed  in  F igure 8. All th e  tes ts  w ere  conducted  in  th e  
sam e m a n n e r  fo r specim ens exposed  to e leva ted  te m p e ra 
tu re s  o f ab o u t 200-600°C separa te ly .

2.4.1 M echanical properties

The m echan ica l p ro p ertie s  w ere  assessed by  p e rfo rm ing  
com pression  (on  cubical specim ens), sp lit tensile (on  cylind
rica l specim ens), an d  flexural stren g th  (on beam  specim ens) 
testing  in  accordance w ith  th e  BIS 516:2021 [67]. The load ing  
w as ra ised  a t a constan t ra te  till th e  specim ens failed.

2.4.2 Ultrasonic pulse velocity (UPV) test

Before carrying out these m echanical strength tests, the weight 
loss and  UPV tests w ere also accomplished for the cubical
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concrete samples. The UPV experiments w ere executed in accor
dance w ith the BIS 516:2018 [68]. The UPV and mass loss of 
specimens can be determ ined by equations (1) and (2) as follows:

L
V = — ,

Tl

— M 2

(1)

M1
x 100. (2)

2.4.3 W ater perm eability test

em ploying  a N ova-N ano FE-SEM 450 m ach in e  on  th e  speci
m e n ’s d eb ris  o b ta in ed  a fte r  th e  fa ilu re  of specim ens in  
com pression  testing . The re s id u es w e re  c lean ed  to  rem ove  
an y  loose deb ris  an d  co n tam in an ts  by  rin s in g  th em  in  d is
tilled  w a te r  a n d  th e n  d ried  w ith  th e  a id  of a c lean  cloth by  
gen tle  pa tting . T hen , th e  re s id u es w e re  p laced  in  SEM 
ho lders  an d  th e  su rface  of th e  re s id u es w as p re p a re d  by  
g rin d in g  o r po lish ing  to  h av e  a flat su rface  a n d  tra n s fe r re d  
in to  th e  SEM ch am b e r fo r SEM im aging.

O ne set of cubical specim ens w as tes ted  fo r w a te r  p e rm e
ability  test as p e r  DIN 1045:1991 [69]. The test w as conducted  
fo r 3 days w ith  a w a te r  p re ssu re  of 0.5 MPa. T hereafter, the 
specim en  w as sp lit in to  tw o p a rts  from  th e  cen tre  w ith  the 
a id  o f a com pression  testing  m achine. The dep th  o f w a te r 
p e n e tra te d  inside  the cube specim ens w as d e te rm in ed  to 
rep re sen t th e  p erm eab ility  o f the  concrete  specim en.

2.4.4 M icrostructure analysis

To assess th e  m ic ro s tru c tu re  p ro p e rtie s  o f concre te  a fte r 
exposu re  to h igh heat, SEM analysis w as c a rr ie d  ou t by

3 Results and discussion

3.1 Specimen appearance

The ex p e rim en ta l find ings o f th e  concre te  sam ples w ith  
NBC a n d  NFA in d ica ted  th a t co n cre te ’s co lour changes 
w h e n  it  is exposed  to  h igh  te m p e ra tu re s . C oncrete’s co lour 
changes d ep en d in g  on  how  m u ch  h ea t tre a tm e n t is app lied  
[70,71]. As th e  te m p e ra tu re  rises from  th e  am b ien t range, 
no  n o tab le  a lte ra tio n  in  th e  a p p ea ran ce  o f th e  sam p les w as 
observed  w ith  no in d ica tio n  of cracks on  th e  sam p les’ s u r 
faces. H ow ever, w h en  th e  te m p e ra tu re  o f th e  sam ples h its

Figure 8: Testing of specimens after heat treatment.
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200°C, th e  specim ens becom e b rig h t in  co lour p ro b ab ly  due 
to the  loss o f free  w a te r  [7]. A p eak  te m p e ra tu re  of 
300-400°C, how ever, p ro d u c e d  d a rk e r  co lours in  th e  speci
m ens. Peak  te m p e ra tu re s  b e tw een  500 a n d  600°C caused  
th e  co lou r o f th e  sam p le  to  tu rn  fro m  d a rk  to ligh t w ith  
g rey  s ta in s  on  th e  su rface  ow ing to  CO2 com bustion  [8]. In  
acco rdance  w ith  th e  ou tcom es o f th e  ex is ting  exp lo ra tion , 
all types o f concre te  m ix  p ro d u ced  s im ila r resu lts .

F igure 9 illu s tra te s  th a t th e  v isu a l a p p ea ran ce  of speci
m ens to  w h ich  h igh  te m p e ra tu re s  w e re  app lied  varies  
d ep en d in g  on  th e  ra tio  o f m ix  a n d  te m p e ra tu re s  applied . 
The a p p ea ran ce  o f th e  spec im ens sligh tly  changes a t tem 
p e ra tu re s  o f ab o u t 200-300°C. A lthough th e  su rface  of th e  
specim ens does n o t show  an y  cracks a t th is  po in t. The 
spec im ens’ co lours change fro m  a ligh t b ro w n  to a d a rk e r  
b ro w n  w ith  a ra ise  in  the  te m p e ra tu re  to 400°C. In  speci
m ens a t 500-600°C, sm all cracks can  be o b se rv ed  an d

con tin u o u s long  cracks can  occur. S im ilar find ings w ere  
ob se rv ed  by  sev e ra l re se a rc h e rs  [72- 74].

3.2 Compressive strength

The residual com pression strength of concrete cubical sam ples 
w ith  NBC and  NFA after exposure to high tem peratu re w as 
determ ined via com pression test. The findings of the com pres
sion test a re  presen ted  in  Figure 10 for all the specimens.

3.2.1 At am bient tem perature

The com pression  res is tan ce  o f concre te  specim ens w as 
reg is te red  to  be  in c rea sed  a t lo w er p ro p o rtio n s  o f NBC

Figure 9: Appearance of specimens after heat application.
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Figure 10: Compression test results (a) residual compressive strength, (b) normalized compressive strength.

a n d  NFA. H ow ever, a t h ig h e r  p ro p o rtio n s  of these  n a n o 
m ateria ls , th e  com pression  res is tan ce  w as reg is te red  to be 
d im in ished  [17]. The h ig h es t com pression  re s is tan ce  at 
n o rm a l te m p e ra tu re  w as o bserved  fo r S2, w h ich  in c reased  
th e  com pressive  s tren g th  by  21% as co n tra s te d  to th e  re fe r
ence specim en.

3.2.2 At elevated tem perature

C oncrete’s com pression  re s is tan ce  a t h igh  te m p e ra tu re s  
d epends on  sev e ra l factors, inc lud ing  additives, its s tren g th  
a t ro o m  te m p e ra tu re  (29°C), a n d  its h ea tin g  ra te  [50]. As the 
te m p e ra tu re  o f specim ens w as in c rea sed  fro m  am b ien t 
te m p e ra tu re , th e  d ecrease  in  com pression  res is tan ce  w as 
reco rd ed . F or con tro l concre te  specim ens, th e  decline in  
the com pression  resistance  occurred  a t 9 ,16 ,25 ,34 , an d  45% 
as th e  tem p e ra tu re  w as ra ised  to 200, 300, 400, 500, and  
600°C, respectively. The loss o f w a te r  from  concrete w h en  
h ea te d  from  200 to 300°C causes h y d ro th e rm a l changes [75]. 
M icro-cracking can  occur w h en  in te rn a l stresses a re  gen er
a ted  a t 400°C [76]. The d is in teg ra tion  of Ca(OH)2 occurs 
a t tem p e ra tu re s  g rea te r th a n  400°C, lead ing  to a fu r th e r 
red u c tio n  in  stren g th  [77]. At ab o u t 500 a n d  600°C, calcium  
silicate h y d ra te  (CSH) gel begins to decom pose, resu lting  in  a 
red u c tio n  in  stren g th  an d  stiffness [78]. A fu r th e r  loss of 
s treng th  occurs w h en  calcium  carbona te  (CaCO3) decom 
poses be tw een  500 an d  600°C [75,79].

H ow ever, th e  specim en , w ith  o p tim um  com pression  
streng th  a t am b ien t tem p e ra tu re  reg iste red  an  increase  in  
streng th  a t a ra ised  tem p e ra tu re  o f 200°C by  3%. F u rth e r rise  
in  th e  exposure tem p e ra tu re  led  to  th e  dec rem en t o f the

com pression  stren g th  of 7, 18, 29, an d  42% fo r 300, 400, 
500, an d  600°C, respectively. Both reg u la r concrete  an d  con
cre te  con tain ing  NBC an d  NFA experience sm all frac tu res  
ow ing  to  th e  b re a k d o w n  o f C -S -H  gel a n d  em p ty  w a te r  
cap illa rie s . The re d u c tio n  in  co m p ressiv e  s tre n g th  w as 
fo u n d  to  be  less in  th e  case of co n c re te  b le n d e d  w ith  
NBC an d  NFA a t e leva ted  tem p e ra tu re  in  con trast to contro l 
specim ens, w h ich  im plies b e tte r  p erfo rm an ce  of nano-m od- 
ified concrete  a t elevated  tem p era tu re .

3.3 Flexural strength

B ased on  th e  ou tcom es o f a flex u ra l s tren g th  test, th e  re s i
d ua l f lexu ra l s tren g th  of concre te  p rism /b eam  specim ens 
w ith  NBC an d  NFA a fte r  exposu re  to h igh  te m p e ra tu re s  
w as d e te rm in ed . The ou tcom es of th e  f lexu ra l s tren g th  
e x p e rim en t fo r each  spec im en  a re  dep ic ted  in  F igure 11. 
B ehav iou r s im ila r to  th a t seen  in  th e  com pression  re s is
tan ce  w as reco rd ed  in  th e  flex u ra l s tren g th  test.

3.3.1 At am bient tem perature

At lo w er p ro p o rtio n s  of NBC an d  NFA, th e  flex u ra l s tren g th  
of concre te  sam ples w as d iscovered  to be  increased , b u t a t 
h ig h e r  p ro p o rtio n s  o f these  n an o m a te ria ls , th e  f lexu ra l 
s tren g th  w as reco rd ed  to be red u ced  [17]. The sam p le  S2 
h a d  th e  g rea te s t f lexu ra l s tren g th  a t n o rm a l te m p e ra tu re , 
in c reas in g  th e  flexu ra l s tren g th  by  10.11% in  com parison  to 
th e  con tro l specim en .
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3.3.2 At elevated tem perature

Sim ilar to  th e  com pressive streng th , the  flexura l stren g th  of 
concrete  a t ra ised  tem p e ra tu re s  is im pacted  by  n um erous 
variab les, includ ing  additives, its s tren g th  a t room  tem p e ra 
tu re  (27°C), an d  hea tin g  ra te  [50]. A decrease in  flexural 
stren g th  w as seen  as specim en  tem p era tu res  w ere  ra ised  
above am b ien t tem p era tu re . For contro l concrete  speci
m ens, th e  flexural streng th  decreased  w ith  tem p e ra tu re  
rise  to  200, 300, 400, 500, an d  600°C, respectively, by  2, 7, 
12, 17, an d  24%. H ydro therm al changes occur w h en  concrete 
is h ea te d  from  200 to 300°C due to w a te r  loss [75]. The b reak 
dow n o f CSH gel, d ry ing  of th e  cem ent m ix tu re , an d  m od
ification  of aggregate crystal s tru c tu re  h ave  b een  a ttrib u ted  
to th e  decline in  flexural strength . A dditionally, due to the 
specim en’s in creased  tem p era tu re , the  bond ing  be tw een  the 
cem en t m ix  an d  th e  aggregates decreased, an d  tiny  cracks 
an d  voids increased , w h ich  decreased  th e  specim en’s ability  
to res is t bend ing  [12,80,81].

However, for S2 specimens, a 3% gain in  flexural strength 
w as registered at the higher tem perature of 200°C. Additionally, 
the flexural strength decreased by 2, 8, 14, and  22% w hile the 
tem perature  increased to 300, 400, 500, and  600°C, respectively. 
The drying of concrete and  the breakdow n of the bonding 
betw een the b inder and  the filler ingredient w ere the reasons 
for the decrease in  flexural strength [82,83].

3.4 Split tensile strength

T hrough  a sp lit tensile  capacity  exp erim en t, the  re s id u a l 
sp lit tensile  s tren g th  o f concre te  cy linder specim ens w ith

NBC a n d  NFA a fte r  exposu re  to h igh  te m p e ra tu re  w as 
o b ta ined . For all th e  specim ens, th e  outcom es o f th e  sp lit 
ten s ile  ex p erim en ts  a re  dep ic ted  in  F igure 12.

3.4.1 At am bient tem perature

L ow er am o u n ts  o f NBC a n d  NFA w ere  show n  to increase  
th e  sp lit tensile  s tren g th  of concre te  specim ens. The tensile  
re s is tan ce , how ever, w as reco rd ed  to  d im in ish  w ith  la rg e r 
ra tio s  o f these  n an o m a te ria ls  [17]. S2, w h ich  e n h an ced  te n 
sile s tren g th  by  10% in  c o n tra s t to  th e  re fe ren ce  specim en , 
h a d  th e  m ax im u m  tensile  res is tan ce  a t s ta n d a rd  n o rm al 
te m p e ra tu re .

3.4.2 At elevated tem perature

For control concrete sam ples, the tensile resistance decreased 
as the tem p era tu re  increased  to 200,300,400,500, an d  600°C, 
respectively, by  4, 8,13,19, an d  26%. W hen hea ted  to 200°C in 
re la tion  to S2 sam ples, a 1% im provem ent in  tensile resistance 
w as noted. H owever, as the tem p era tu re  w as ra ised  fu rth er 
to 300, 400, 500, and  600°C, respectively, there  w as a 4, 9, 16, 
an d  24% decrease in  the tensile strength . Several variables, 
includ ing  additives, concrete’s stren g th  a t room  tem p e ra 
tu re  (29°C), an d  its h ea tin g  ra te , affect the m a te ria l’s tensile 
stren g th  a t h igh tem p e ra tu re s  [50]. Due to  th e  concrete’s 
p o re  s tru c tu re  caused  by th e  qu ick  loss o f m oistu re  an d  its 
d istinctive expansion  of the cem en t m ix tu re  an d  o ther ele
m ents, th e  tensile stren g th  of th e  concrete  decreased  [47,80]. 
Concrete loses w a te r  w h en  h ea te d  from  200 to 300°C, w hich

Figure 11: Flexural test results (a) residual flexural strength, (b) normalized flexural strength.
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Figure 12: Split tensile strength test results (a) residual split tensile capacity, (b) normalized split tensile capacity.

resu lts in  hyd ro th erm a l a lte ra tions [75] an d  m icrocrack ing  
a t 400°C due to in te rn a l stress developm ent [76]. Calcium  
silicate h y d ra te  (CSH) gel s ta rts  to b reak  dow n be tw een  500 
an d  600°C, w hich  reduces its stiffness an d  stren g th  [78]. 
W hen  CaCO3 b reaks dow n be tw een  500 a n d  600°C, s treng th  
is fu r th e r  red u ced  [75,79].

3.5 Water permeability

C oncrete cubica l specim ens co n ta in in g  NBC a n d  NFA w ere  
sub jec ted  to  w a te r  p e n e tra tio n  tes tin g  in  acco rdance  w ith

DIN 1045:1991 [69]. C oncrete cubes w e re  fitted  in  th e  a p p a 
ra tu s  a n d  w a te r  a t 0.6 N /m m 2 of p re s su re  w as app lied  to 
th e  concre te  su rface  by  ad d in g  w a te r  to th e  w a te r  tank . 
The w a te r  p e rm eab ility  in  te rm s of th e  d ep th  of w a te r  
p e n e tra te d  in s ide  th e  concre te  specim ens w as de te rm in ed . 
B ased on  m easu rem en ts  done fo r th e  specim ens to w h ich  
h igh te m p e ra tu re  of 200, 300, 400, 500, an d  600°C w ere  
applied , F igure 13 ind ica tes  a n  in c rease  in  w a te r  p e n e tra 
tio n  d ep th  as te m p e ra tu re s  rise  d u rin g  th e  fire  exposure . 
The te s t specim ens exposed  to  fire  a re  sh o w n  to have  m ore  
p e n e tra tio n  o f w a te r  as th e  te m p e ra tu re  rises. H igher tem 
p e ra tu re s  re su lt in  m ore  p e n e tra tio n  of w a te r, especially  a t 
500 an d  600°C.

Figure 13: Water permeability test results (a) residual depth of water penetration, (b) normalized water permeability.
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3.4.2 At am bient tem perature

N ano ben ton ite  an d  NFA rep laced  cem en t in  th e  tes t results, 
resu lting  in  a decrease  in  w a te r  pen e tra tio n . Because NBC 
an d  NFA h ave  sm aller partic le  sizes th a n  conventional 
cem ent, th e  b in d e r phase  is packed  tightly. As a resu lt, th e re  
is less porosity . C onsequently, w a te r  is less likely to soak into 
th e  concrete  due to  th is reduc tion  in  po rosity  [19,84]. The 
reduc tion  in  w a te r  p en e tra tio n  dep th  as 2.8, 7.2, 13.8, 20, and  
25.5% w as reg iste red  fo r specim ens S1, S2, S3, S4, an d  S5 in  
com parison  to contro l specim en.

lead ing  to  h ig h er w a te r  p erm eab ility  o f concrete  speci
m ens [86,87].

3.5 Mass loss

M ass loss o f concre te  m akes a sign ifican t c o n tr ib u tio n  to  its 
d u rab ility  evalua tion . The m ass o f specim ens w ith  o r 
w ith o u t th e  u tiliza tio n  o f NBC a n d  NFA a t n o rm a l te m p e ra 
tu re  a n d  a f te r  ap p lica tion  of h igh  te m p e ra tu re  is p re se n te d  
in  F igure 14.

3.4.3 At elevated tem perature

F or th e  con tro l specim en , as th e  te m p e ra tu re  w as ra ised , 
in c reases  in  th e  p e n e tra tio n  d ep th  of w a te r  as 12 ,20 ,34 ,54 , 
an d  74% w ere  reco rd ed  in  case o f te m p e ra tu re  exposu re  to 
200, 300, 400, 500, a n d  600°C, respectively . The spec im en  
S2, w h ich  re su lte d  in  op tim u m  m ech an ica l re s is tan ce  ou t
com es, show ed  a n  in c rease  in  th e  d ep th  of w a te r  p e n e tra 
tio n  b y  8, 14, 26, 45, an d  64% a fte r  te m p e ra tu re  exposure  
of 200, 300, 400, 500, an d  600°C, respectively . H ow ever, 
m ax im u m  con tro l on  th e  w a te r  p e rm eab ility  w as re flec ted  
by  th e  spec im en  S5 w ith  2, 7, 17, 31, a n d  51% in c reases  in  
th e  w a te r  p e rm eab ility  w h e n  h igh  te m p e ra tu re s  o f 200, 
300, 400, 500, an d  600°C w e re  app lied  to th e  specim ens, 
respectively . The ra p id  ev ap o ra tio n  of m o is tu re  increases, 
re su ltin g  in  th e  p o ro u s  concre te  s tru c tu re  [85]. The m icro 
cracks change to m acro-cracks ow ing to the  distinctive 
th e rm a l expansion  of b in d e r a n d  filler m ate ria ls  in  concrete,

3.5.1 At am bient tem perature

I t w as d em o n s tra ted  th a t th e  use  of such  n an o m a te ria ls  
in c reases  th e  m ass o f specim ens due  to m o re  dense  s tru c 
tu re . H ow ever, th e  m ass o f specim ens w as o bserved  to 
decrease  w ith  a n  in c re m e n t in  th e  h e a tin g  te m p e ra tu re  
[31,88]. The in c re m e n t o f 0.6, 1.1, 1.4, 1.6, a n d  1.9% in  the 
w eig h t o f th e  concre te  sam ples w e re  o b se rv ed  fo r S1, S2, S3,
S4, a n d  S5 sam p les in  c o n tra s t to re fe ren ce  sam ples.

3.5.2 At elevated tem perature

As th e  te m p e ra tu re  in c rea sed  from  ro o m  te m p e ra tu re  to 
200, 300, 400, 500, a n d  600°C, th e  loss in  th e  m ass o f the 
spec im ens w as d e te rm in ed  as 2, 4, 7, 10, a n d  13%, re sp ec 
tively, fo r th e  con tro l specim ens. S im ilarly, fo r S2

Figure 14: Mass of specimens (a) residual mass, (b) normalized mass.
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specim ens, th e  m ass loss w as o b ta in ed  as 1.6, 3.2, 5.8, 8.4, 
a n d  11% a fte r  exposu re  to h igh  te m p e ra tu re  o f ab o u t 200, 
300, 400, 500, an d  600°C, respectively . F u rth e r, th e  sam ple 
S5 show ed  a g re a te r  red u c tio n  in  th e  m ass loss a t 1, 2, 4, 6, 
a n d  8% w hile  th e  te m p e ra tu re  o f exposu re  in c rea sed  from  
s ta n d a rd  n o rm a l te m p e ra tu re  to 200, 300, 400, 500, an d  
600°C, respectively . The red u c tio n  in  m ass a t g re a te r  tem 
p e ra tu re s  could  be ow ing  to th e  expu ls ion  o f chem ically  
b o u n d  w a te r, w h ich  is a co m p o n en t o f cem en t h y d ra tio n  
com pounds an d  is ex trem ely  h a rd  to  d isperse . This w a te r  
leaks o u t o f th e  concre te  as th e  h y d ra tio n  com pounds 
b re a k  d ow n  due  to h ea tin g  [52,83,89- 91]. C oncrete m ass 
dec reased  as a consequence  of th e  CSH gel’s d issolution , 
v a rie d  te m p e ra tu re  s tresses w ith in  th e  m a te ria l, a n d  the 
quick  d ry ing  of th e  concrete . The w eig h t o f th e  concrete  
dec reased  a fte r  im posing  h ig h  te m p e ra tu re s  because  the 
p o ro u sn ess  of th e  concre te  spec im en  in c rea sed  a n d  the 
b o n d  b e tw een  th e  cem en t m ix  an d  o th e r  e lem en ts  w as 
w eak en ed  [59,92].

3.6 UPV

An UPV e x p e rim en t can  be  em ployed  to ev a lu a te  the 
in te rn a l d e te r io ra tio n  g e n e ra te d  by  ra ised  te m p e ra tu re s  
in  a concre te  specim en . The UPV te s t ou tcom es fo r the 
specim ens w ith  a n d  w ith o u t NBC a n d  NFA a t e leva ted  
te m p e ra tu re  exposu re  a re  p re se n te d  in  F igure 15.

3.6.1 At am bient tem perature

The UPV values w ere  found  to be increased  due to  th e  sub
stitu tion  of NBC an d  NFA. The UPV values w e re  in crease  by 
4, 7, 9.5,11.2, an d  12.7% fo r th e  specim ens S1, S2, S3, S4, and
S5, respectively, in  co n trast to  contro l specim en.

3.6.2 At elevated tem perature

In  F igure 15, w h e n  th e  te m p e ra tu re  of th e  specim ens w as 
in creased , the  UPV d ecreased . For th e  re fe ren ce  specim en, 
th e  d ecrease  in  th e  UPV outcom es w as reg is te red  as 9, 17, 
28, 37, an d  44% fo r th e  te m p e ra tu re  exposu re  o f 200, 300, 
400, 500, a n d  600°C, respectively . In c rea s in g  te m p e ra tu re  
re su lts  in  m o re  in te rn a l dam age of th e  te s t specim en , an d  
re flec ted  in  an  in c rease  in  th e  degree  of d am age [93]. The 
UPV ou tcom es decline sign ifican tly  from  400 to 600°C 
ow ing  to cap illa ry  w a te r  d ep riv a tio n  an d  e ttrin g ite  drying. 
F u rth e r, fo r S2 specim ens, red u c tio n s  in  th e  UPV resu lts  
w e re  o b ta in ed  as 8, 16, 23, 31, a n d  39%. S im ilarly  fo r th e  
specim en , S5, th e  lo w est red u c tio n  in  UPV find ings w as 6, 
11.9. 18.1, 24.1, a n d  30% w as ob se rv ed  w h e n  h igh  te m p e ra 
tu re  of 200, 300, 400, 500, a n d  600°C w as applied , re sp ec 
tively. D ue to th e  ex p an sio n  of frac tu res , w eak en in g  of th e  
bo nd ing  am ong  th e  aggregates, d isso lu tion  of th e  CSH gel, 
an d  qu ick  loss o f w a te r, w h ich  gave rise  to th e  g en e ra tio n  
of co n cre te ’s po ro s ity  a n d  th e  em ergence  of sign ifican t 
em p ty  spaces, th e  pu lse  velocity  d ec reased  [12,51,87,94].

Figure 15: UPV results (a) UPV values of specimens, (b) normalized UPV values.
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3.7 SEM

The th e rm a l decom position  of co n cre te ’s co n stitu en t m a te 
ria ls  causes it to u n dergo  m ic ro s tru c tu ra l changes a t high 
tem p e ra tu re s . The ex ten t an d  n a tu re  of these  changes 
d ep en d  on  th e  te m p e ra tu re  a n d  d u ra tio n  of exposure.

SEM analysis can  ch a rac te rize  th e  m ic ro s tru c tu re  of con
cre te  a f te r  h ig h -tem p era tu re  tre a tm e n t. U sing SEM im ages, 
th e  m orphology , size, an d  d is tr ib u tio n  of concre te  com po
n en ts  can  be observed . A h ig h -tem p era tu re  analysis can  
also rev ea l th e  e x ten t to  w h ich  th e  m ic ro s tru c tu re  has 
b een  d am aged  o r  degraded . F igure 16 illu s tra te s  th e  SEM
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Figure 16: SEM images for concrete specimen (a) S0 (27°C), (b) S2 (27°C), (c) S0 (200°C), (d) S2 (200°C), (e) S0 (600°C), (f) S2 (600°C).
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im ages fo r th e  contro l concrete  specim en  (NC) an d  op tim um  
streng th  concrete  specim en  (S2). The SEM im ages a t am b ien t 
tem p era tu re , a t th e  onset of elevated  tem p e ra tu re  (200°C) 
an d  a t the p eak  te m p e ra tu re  o f 600°C w as com pared  to get 
an  idea of the  b eh av io u r o f concrete  specim ens a t low er and  
h ig h er te m p e ra tu re  range.

The SEM resu lts  o f S2 a re  co llected  because  they  
re su lte d  in  th e  op tim u m  m ech an ica l s tren g th  in c rease  of 
th e  con tro l spec im en  a t a lm ost all th e  te m p e ra tu re  ranges. 
A concre te  sp ec im en  a t a n o rm a l te m p e ra tu re  of 27°C h as  a 
tigh tly  com bined  s tru c tu re , is com pact, a n d  con ta in s dense 
p h ases in  b o th  cases o f concre te  specim ens. H ow ever, in  
th e  case o f th e  con tro l spec im en  a t th is  stage, som e u n d e 
v e loped  CSH a n d  som e v o id  can  be observed . F u rth e rm o re , 
th e re  is a la rg e  am o u n t o f crysta l w a te r  a n d  gel p re s e n t at 
th is stage in  th e  case o f th e  S2 spec im en  w ith  m in o r voids 
only  an d  a w ell-conso lidated  m atrix . W h en  the  sam ple  is 
h e a te d  to 200°C, the  con tro l specim ens a re  sh o w n  to h ave  
som e m ajo r vo ids an d  som e crack  developm ent. W ate r 
v apo rizes  a n d  ev ap o ra tes  from  in te rn a l free  space as 
w ell as cap illa ry  spaces. C -S-H  gel also loses ad so rbed  w a te r 
th rough  cem ent hydra tion , resu lting  in  cem ent dehy d ra tio n  
[70,95] an d  a d ispersed  s tru c tu re  w as observed. In  th e  case 
o f S2 concrete specim en  show s still a dense s tru c tu re  w ith  
m inor d isin tegration  of CH and  som e crack developm ent a t a 
tem pera tu re  of 200°C. The concrete surface appears porous at 
tem peratu res o f 600°C because a g rea t deal of w a te r is lost. 
Additionally, the concrete s truc tu re  is destroyed, resulting  in  
a non-hom ogeneous s truc tu re  fo r the control specim en. It 
appears th a t the control specim ens ap p ea r w hite and  cracks 
appear on th e ir surfaces a t this tem pera tu re . As a resu lt of 
fu r th e r decom position and  loosening, the specim ens show  
m ajo r voids a t 600°C [92,96]. The Ca(OH)2  h y d ra tion  bypro
duct tu rn ed  dehydra ted  as a consequence of a spike in  tem 
p era tu re  since the w a te r th a t w as soaked by  the CSH paste 
vaporized resulting  in  the d isin tegration  of CSH paste  in  the 
case of the S2 specim en a t a tem p era tu re  of 600°C. The low- 
dense s tructu re  appeared  in  the SEM im ages w ith  som e voids 
at tem pera tu res of 600°C along w ith  CSH paste  b reakdow n 
w hich led  to a loss in  m echanical streng th  [62,65]. N onethe
less, be tte r post-fire perfo rm ance w as observed for the con
crete specim ens incorporating  the NBC an d  NFA w ith  few er 
cracks an d  void developm ent.

4 Conclusion
In  th e  p re s e n t investiga tion , th e  im p ac t o f NBC a n d  NFA on  
th e  m ech a n ica l an d  d u ra b ili ty  ch a ra c te ris tic s  o f co n cre te  
sp ec im en s im p le m e n te d  a t e lev a ted  te m p e ra tu re s  w as 
d e te rm in e d  th ro u g h  a n  e x p e rim e n ta l p ro g ra m . P ost th e

study , th e  s a lie n t p o in ts  th a t  w e re  e x tra c te d  fro m  th e  
s tu d y  a re  lis ted  be low :
• The m echanical strengths o f the concrete sam ples recorded 

im proved w ith  the substitu tion  of nano  bentonite and  NFA 
a t room  and  elevated tem peratures. The optim um  content 
of NBC and  NFA w as determ ined  to be 2%, and  20% a t w hich 
better m echanical properties of the concrete w as observed. 
However, fu r th e r substitution of NBC and  NFA beyond this 
lim it gave rise to a decrease in  the m echanical resistance.

• At th e  e leva ted  te m p e ra tu re , th e  m ech an ica l s tren g th s 
w ere  observed to decrease. H owever, the specim en having 
2% NBC an d  20% NFA show ed the h ighest residual m echan
ical streng th  as com pared w ith  o ther sam ples.

• The w a te r  p e rm eab ility  o f concre te  spec im ens w ith  NBC 
a n d  NFA d ec reased  due  to  th e  co n d en sed  an d  close- 
p ack ed  s tru c tu re  o f such  concre te  specim ens. Also, th e  
loss o f m ass w as less in  th e  case o f specim ens w ith  NBC 
a n d  NFA. D ue to the  in c rea se  in  m ass, an d  less po rous, 
com pact, an d  dense s truc tu re , th e  UPV in  the concrete 
sam ples also increased . H ow ever, as th e  tem p e ra tu re  
increased , decrease in  th e  m ass an d  UPV outcom es w ith  
a rise  in  p erm eab ility  can  be seen.

• The su b s titu tio n  of NBC a n d  NFA in c reases  th e  com pact
ness o f concre te  by  filling th e  p o re  of concre te  re su ltin g  
in  less crack  fo rm a tio n  a t th e  lo w er te m p e ra tu re s  o f 
th e  ran g e  200°C. H ow ever, as th e  te m p e ra tu re  fu r th e r  
increases, deve lo p m en t o f m icro  a n d  som e m a jo r fis
su res  m igh t be  re flec ted  on  th e  concre te  su rface . The 
SEM analysis o f th e  concre te  spec im en  w ith  op tim u m  
co n ten t o f NBC a n d  NFA also in d ica ted  th a t th e  m ic ro 
s tru c tu re  of concre te  gets im p ro v ed  ow ing  to th e  ad d i
tio n  of these  n an o m a te ria ls . O w ing to  th e  d is in teg ra tio n  
of CSH gel a n d  in c rease  in  th e  po rosity , w ide  cracks an d  
ir re g u la r  s tru c tu re s  w e re  o b se rv ed  a t te m p e ra tu re  expo
su res  o f m ore  th a n  400°C.

It w as d em o n s tra ted  in  th e  above s tu d y  th a t th e  use  o f 
NBC (2%) a n d  NFA (20%) in  th e  concre te  can  le ad  to an  
im p ro v em en t in  re s id u a l ch a rac te ris tic s  o f concre te  post 
th e  ap p lica tion  o f e leva ted  te m p e ra tu re s  up  to 200°C. 
H ow ever, fu r th e r  in c reases in  th e  te m p e ra tu re  can  re su lt 
in  th e  d eg rad a tio n  of th e  re s id u a l charac te ris tics , y e t it 
show ed  b e tte r  m ech an ica l p ro p e r tie s  in  c o n tra s t w ith  th e  
specim ens w ith o u t th e  use  o f such  n an o m ate ria ls .

5 Future scope
Follow ing a re  th e  fu tu re  p ersp ec tiv e  o f th e  study:
• Long-term durability evaluation: F u rth e r  re se a rc h  in to  

th e  b eh av io u r o f the  concre te  com posed  of NBC a n d  NFA
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u n d e r h igh-tem perature exposure m ight be done by  car
rying out experim ents such as freeze -th aw  cycles, alkali- 
silica reaction, su lphate  attack, carbonation  resistance, etc.

• Effect of curing methods: It is possib le  to inves tiga te  th e  
effects o f sev era l cu rin g  p rocesses, such  as w a te r  curing, 
s team  curing , o r  a cce le ra ted  cu ring , on  th e  ch a rac te ris 
tics o f concre te  p re p a re d  w ith  NBC an d  NFA a n d  h e a te d  
to a h igh  te m p e ra tu re .

• Behaviour under various tem perature regim es: The 
re se a rc h  m ay  be ex p an d ed  to exam ine  the  qua lities of 
concre te  con ta in ing  NBC an d  NFA su b jec ted  to  h igh-tem - 
p e ra tu re  reg im es by  rep lica ting  v a rio u s  fire  exposure  
scenario s  a t v a rie d  te m p e ra tu re s  an d  exposu re  tim es.

• Environm ental considerations: By ex am in in g  energy  
consum ption , ca rb o n  foo tp rin t, a n d  life cycle assess
m en ts, re sea rch  on  th e  e n v iro n m en ta l im p ac t a n d  sus
ta in a b il i ty  a sp ec ts  o f u s in g  NBC a n d  NFA in  c o n c re te  a t 
e le v a te d  te m p e ra tu re s  c a n  b e  do n e . T his w ill h e lp  
re s e a rc h e rs  to  c o m p re h e n d  th e  o v e ra ll e n v iro n m e n ta l 
a d v a n ta g e s  o f  th e s e  m a te r ia ls .
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