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Abstract
The study proposes a new model for estimating the compressive strength of high-strength concrete using destructive and 
non-destructive testing. The effect of silica fume replacement level and its cementing efficiency factor on compressive 
strength and ultrasonic pulse velocity (UPV) were experimentally examined. In the present work, the cementing efficiency 
factor (k) for silica fume at different percentage replacement level has been assumed, and at the constant water-to-binder 
ratio, the compressive strength has been obtained. An exponential relationship is proposed between UPV and compressive 
strength with a high correlation coefficient. A statistically noteworthy model with a high correlation coefficient R2 > 0.90 
is established to study the influence of the variables (%SF and k) on UPV results. Finally, the two proposed models were 
amalgamated to develop a new model to predict the 28-day compressive strength of high-strength concrete. The validity of 
the model has been verified with the results obtained by different researchers on different types of specimens. The proposed 
new model is for the strength range of the 40–75 MPa.
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Introduction

In the ACI 318 [1], “high-strength concrete (HSC) is that 
which accomplishes cylinder compressive strength of no 
less than 41 MPa at 28 days.” In the FIP/CIB (1990) [2], 
HSC is defined as “concrete having a 28-day cylinder com-
pressive strength of 60 MPa.” Past research has also shown 
the cylinder/cube strength ratio to be between about 0.65 
and 0.90, although ratios outside that range have also been 
observed. HSC with low water/binder (w/b) ratio is widely 
utilized in construction practices during the past decades 
[3–5]. The high compressive strength of concrete was 
achieved by decreasing w/b beyond 0.35 which created a 
rheological constraint, in other words, loss in a slump. Not-
withstanding, with the advent of superplasticizers (SP) and 

the accessibility of different kinds of mineral and compound 
admixtures and an extraordinary water retarder, concrete of 
up to 100 MPa compressive strength is now being created 
economically [2].

The use of silica fume (SF) in concrete is very nearly a 
routine one these days for getting HSC. As a kind of indus-
trial by-product composed of much silicon dioxide  (SiO2) 
[6, 7], SF is widely utilized in HSC for many advantages, 
such as the improvement of compressive strength, elastic 
modulus, and durability through pozzolanic activity [8, 9]. 
SF has a detrimental effect on the fresh concrete properties, 
i.e., the presence of SF in the concrete mix tends to reduce 
the slump values [10]. The presence of high content of SF 
in the concrete mix may reduces the fluidity of the cementi-
tious mix due to their high surface area and high adsorption 
which tends to increase the demand of SP to maintain the 
workability limits [11, 12].

Earlier researches on the utilization of SF mostly adopted 
straightforward replacement methods, established earlier for 
fly ash (FA). Moreover, a few researches [13–15] in the past 
were also focussed towards utilization of SF in concrete in 
regards to the proportion of cement replaced through its 
“cementing efficiency factor” (k). The term “efficiency fac-
tor” for SF in concrete can be explained as “the number 
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of parts of cement that may be replaced by one part of SF 
without changing the property studied” [13].

Several researchers [13, 16–20] in the past modified the 
water-to-cement (w/c) ratio law proposed by Feret, 1896 
[21], Bolomey [22], and Abram’s [23] to gauge the effi-
ciency of different Supplementary Cementitious Materials 
(SCM). However, Abram’s or Bolomey’s w/c ratio law is not 
directly applicable to concrete containing other SCMs like 
FA or SF. Thus the above laws require necessary modifica-
tions based on experimental research. Smith [16] was the 
first to modify Abram’s law to recommend a justified model 
for the w/c ratio by introducing a “FA cementing efficiency 
factor” (k). To assess the k factor, Smith [16] used com-
pressive strength as a basis for estimation of the k value. A 
similar type of model has been proposed by other research-
ers by either modifying Abram’s law or Bolomey equation 
[14, 16, 18, 24, 25].

Babu and Prakash [25] suggested two efficiency factors: 
one of which is a general factor independent of the replace-
ment ratio of SF and the second one depends on the replace-
ment ratio. The overall efficiency was the multiplication of 
these two factors. The k value for SF in the literature has 
ranged from 2 to 4 by Loland [26] and 3 by Fagerlund [27]. 
Jahren [17] ranged the value from 1to 4 depending upon 
the dosage of SF on the strength ratios. Malathy and Sub-
ramanian [28] reported that the k factor for SF increases up 
to replacement ratio of 10%. In some of the recent studies 
[29–32], the strength and durability properties of concrete 
made with some cement–replacement ratios by different 
SCMs were examined. Besides, alternative k values of dif-
ferent SCMs were estimated. In one study [31] while analys-
ing the test results, the cementing efficiency factor concept 
was extended to apply to the combined effects of SF and 
nanosilica (NS) on the sulphate and chloride resistance of 
concrete, and the synergistic factor was employed to quantify 
the synergistic effect of SF and NS.

Non-destructive ultrasonic pulse velocity (UPV) testing is 
currently the most frequently used to examine the mechani-
cal properties and integrity of concrete structures. There 
have been several reports regarding the impact of parameters 
on the UPV [33, 34]. Previous studies have predicted com-
pressive strength according to the UPV. An extensive review 
of their contributions has been undertaken by a few authors 
[35, 36]. The application of UPV to the non-destructive eval-
uation of normal strength concrete (≤ 41 MPa) quality has 
been widely investigated for decades [37]. Even though there 
have been many research attempts that intended to evaluate 
the strength of HSC, there is yet insufficient experimental 
data for evaluating the concrete compressive strength that is 
stronger than 40 MPa.

Due to its ease and applicability, the vast majority of 
the methodologies for evaluating the concrete compressive 
strength are commonly based on the statistical regression 

method. This is broadly utilized because it can get a basic, 
deterministic equation from the tested data. Past investiga-
tions [30, 38–41] have called attention to that utilizing the 
multiple linear regression method can give a progressively 
precise and reliable prediction of the concrete compressive 
strength.

The method for predicting cementing efficiency factors 
results in relatively high uncertainties. From the review 
of the literature, it can be seen that there was no standard-
ized relationship used to assess the k value. The aim of this 
research includes a comprehensive examination of the effect 
of SF on the mechanical properties of concrete at different 
k values. All the previous researches [25] in estimating the 
k factor of SF have been built on the strength prediction 
of concrete at different w/b ratio for different percentage 
replacement of SF. In the present work, the k factor for SF 
at different percentage replacement level has been assumed, 
and at the constant w/b ratio, the compressive strength has 
been obtained. In addition, a non-destructive methodology in 
light of UPV measurements is utilized to evaluate the pulse 
velocity of HSC. The study further proposes a new model 
for estimating the compressive strength of HSC using the 
destructive and non-destructive test.

Experimental programme

Materials

In this study, the cement used was ordinary portland cement 
(OPC) of 43 grade (IS: 8112-1989) [42]. SF was used in its 
dry densified form. It contains 91.8% of amorphous glassy 
silicon dioxide in the form of microscopic spherical parti-
cles. The average diameter of these particles is in the range 
of 0.10–0.15 micrometre having a specific gravity of 2.2. 
Table 1 presents the physical properties and the chemical 
composition of both the cementitious materials.

The coarse aggregate used was the crushed stone from 
Pakur sieved to obtain a 20 mm maximum size. After grad-
ing, the aggregate was dried under laboratory conditions. 
The fineness modulus test and sieve analysis were done 
in accordance with IS 383-2016 [43]. The grading of fine 
aggregate according to IS 383-2016 confirmed to zone 3 
with a fineness modulus of 2.6. FM is the sum of the total 
percentages retained on each specified sieve divided by 100. 
ASTM C 33 requires the FM of fine aggregate to be between 
2.3 and 3.1. The higher the FM, the coarser the aggregate. 
Further, ASTM C 33 also states that for HSC, coarse sand 
with an FM around 3.0 produces concrete with the best 
workability and highest compressive strength. The water 
absorption and specific gravity of the fine and coarse aggre-
gates were 1.35% and 2.66 and 0.70% and 2.86, respectively. 
For this analysis, a superplasticizer based on polycarboxylic 
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ether with an inbuilt viscosity modifying agent (VMA) with 
the brand name MasterGlenium SKY 8630/8632 was used. 
The specific gravity of chemical admixture was 1.08.

Mix proportioning

Thirty-five mixes with partial replacement of cement with 
SF were prepared. Cube specimens of M60 grade concrete 
with seven different weight percentages of SF (2%, 4%, 6%, 
8%, 10% 12%, and 15%) were cast at different k factor for 
SF in the concrete mix. The Smith model shown in Eq. 1 has 
been used in forecasting the actual cement content required 
at different k for SF concrete.

where w is water content, c is cement content of control 
concrete, c1 is cement content of SF concrete, SF is silica 
fume content, and k is cementing efficiency factor. A “k” 
value approaching one means that the addition is equiva-
lent to cement. To find the effect of cementing efficiency 
of SF in concrete, properties like workability, compressive 
strength, and UPV have been evaluated following the Bureau 
of Indian Standard Specifications [44]. For this purpose, the 
k value of SF was assumed and varied from 1 to 5 [45], 

(1)
w

c
=

w

c1 + k × SF

while w/b ratio was fixed at 0.36. The dosage of chemical 
admixture was set at 2.2% by weight of cement to obtain the 
required workability of HSC mixes. The Indian standard mix 
proportioning guideline as mentioned in IS 10,262:2009 [46] 
has been used for mix proportioning. The absolute volume of 
the HSC mix is 1 m3. The viscosity modifier polymer present 
in SP becomes active after 3–4 min of continuous mixing. 
Hence, volume of air which is in the range of 8–10 L in 1 m3 
concrete is removed by increasing the mixing time. Table 2 
presents the mix proportions of 1 m3 concrete.

Test methods

The HSC mixes were designed for non-pumpable concrete 
with degree of workability medium. According to IS 456-
2000, the slump value for medium degree of workability 
ranges between 50 and 100 mm. The workability of fresh 
concrete is most commonly measured by slump test in 
accordance with IS 1199-1959 [47].

A digital compression testing machine of 2000 kN 
capacity was used for measuring the compressive strength 
of test specimens. Compressive strength was measured at 
7, 14, and 28 days on 150 mm cubes following the norms 
documented in Indian Standard IS 516-1959 [48]. Three 
cubes were tested for each age, and average values were 
obtained. In the present experimental investigation, it was 
observed that at the age of 28 days, the strength of con-
crete containing SF was more than that of control con-
crete which indicated that the initial reaction of pozzolanic 
material was completed well before 28 days to correlate 
the cementing efficiency of SF in HSC. Further, as the 
aim of the research was to gauge the cementing efficiency 
of SF at 28 days hence 60- or 90-day strength was not 
considered.

After mixing in a pan mixer, cube specimens for compres-
sive strength testing were cast into mould were compacted 
by means a vibrating table. After 24 h, the specimens were 
demoulded and were cured in a water tank at a room tem-
perature until the day of testing.

UPV tests were conducted in conjunction with IS 
13311(Part-1) 1992 [49] at 28 days on concrete cube speci-
mens. To generate pulse velocity along the concrete cube 
specimens, electrical transducers with a frequency range, 
20–100 kHz, were used. Pulses are not transmitted through 
large air voids present in the concrete sample. Therefore, if 
such a void lies directly in the pulse path then the time taken 
by the pulse will be more and hence lower velocity will be 
recorded. A jelly or grease is commonly used as a viscous 
material, which also acts as a coupling agent to ensure that 
the vibrational energy passes through the test samples and 
can be detected by the receiving transducer.

Table 1  Physical and chemical properties of OPC and SF

OPC SF

Physical properties
Specific gravity 3.15 2.21
Specific surface area  (m2/g) 0.225 19.4
Bulk density (kg/m3) – 616
Fineness (retained on 90-µm sieve) 3.5 –
Normal consistency 30% –
Retained on 45-µm sieve – 1.13%
Pozzolanic activity index (7 d) – 132%
Chemical properties
SiO2 21.20 91.8
Al2O3 5.35 0.6
Fe2O3 3.40 1.7
MgO 1.44 0.3
Na2O – 0.1
K2O – 0.8
CaO 63.95 –
C3S 51.46 –
C2S 22.00 –
C3A 6.42 –
C4AF 10.35 –
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Results and discussion

Workability

Densified SF has been used as one of the binders in the mix 
whose fineness was 100 times more than cement. To avoid 
flocculation during secondary hydration, the solid present in 
the chemical admixture should be high. Role of admixture 
depends upon its solid content and water. The solid content 
in the admixture was on the lower side, 25% of the total 
mass. So the dosage of chemical admixture increased up to 

2.2% for required de-flocculation of the binder particles and 
to achieve the desired workability.

It was also observed that at higher percentage replace-
ment level of SF, the dosage of HRWR needs to be increased 
to maintain w/b ratio to retain the slump and to achieve tar-
get compressive strength. However, in the present work as 
the desired workability was achieved, there was no require-
ment to increase the superplasticizers dosage to regulate the 
slump of the mixtures. Moreover, increase in dosage of SP 
will also increase the surplus water present in SP after some 
transit time, i.e., time of start of secondary reaction, which 

Table 2  Concrete mix 
proportions

*k Efficiency factor of silica fume

Mix no. Cement (kg) w/b k* %SF SF (kg) CA (kg) FA (kg) SP (kg) Water (kg)

Control mix 390.0 0.36 – 0 0 1050 866 8.58 140
1 382.2 0.36 1 2 7.8 1049 865 8.58 140
2 374.4 0.36 1 4 15.6 1046 863 8.58 140
3 366.6 0.36 1 6 23.4 1043 860 8.58 140
4 358.8 0.36 1 8 31.2 1041 858 8.58 140
5 351.0 0.36 1 10 39.0 1038 856 8.58 140 
6 343.2 0.36 1 12 46.8 1042 865 8.58 140
7 331.5 0.36 1 15 58.5 1039 862 8.58 140
8 374.4 0.36 2 2 7.8 1111 880 8.58 140
9 358.8 0.36 2 4 15.6 1062 881 8.58 140
10 343.2 0.36 2 6 23.4 1062 881 8.58 140
11 327.6 0.36 2 8 31.2 1064 882 8.58 140
12 312.0 0.36 2 10 39.0 1065 883 8.58 140
13 296.4 0.36 2 12 46.8 1080 886 8.58 140
14 273.0 0.36 2 15 58.5 1085 890 8.58 140
15 366.6 0.36 3 2 7.8 1063 882 8.58 140
16 343.2 0.36 3 4 15.6 1068 886 8.58 140
17 319.8 0.36 3 6 23.4 1074 891 8.58 140
18 296.4 0.36 3 8 31.2 1079 895 8.58 140
19 273.0 0.36 3 10 39.0 1083 898 8.58 140
20 249.6 0.36 3 12 46.8 1091 900 8.58 140
21 214.5 0.36 3 15 58.5 1100 905 8.58 140
22 358.8 0.36 4 2 7.8 1067 885 8.58 140
23 327.6 0.36 4 4 15.6 1076 893 8.58 140
24 296.4 0.36 4 6 23.4 1084 900 8.58 140
25 265.2 0.36 4 8 31.2 1093 907 8.58 140
26 234.0 0.36 4 10 39.0 1103 915 8.58 140
27 202.8 0.36 4 12 46.8 1114 912 8.58 140
28 156.0 0.36 4 15 58.5 1126 922 8.58 140
29 351.0 0.36 5 2 7.8 1071 889 8.58 140
30 312.0 0.36 5 4 15.6 1084 899 8.58 140
31 273.0 0.36 5 6 23.4 1096 910 8.58 140
32 234.0 0.36 5 8 31.2 1113 924 8.58 140
33 195.0 0.36 5 10 39.0 1122 930 8.58 140
34 156.0 0.36 5 12 46.8 1135 930 8.58 140
35 97.5 0.36 5 15 58.5 1153 944 8.58 140
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may create adverse effect on physical and chemical proper-
ties of concrete. So, dosage of SP was kept constant for all 
mixes. For low slump concrete mix, the secondary reaction 
may get delayed due to improper compaction and loss in 
binder content. But once the formation of Ca(OH)2 starts 
that problem will be eased out, so the strength parameter 
will be dependent on one variable i.e., w/b ratio, which will 
not be seen if the dosage of SP is increased.

From Fig. 1, it can be seen that all slump values ranged 
between 80 and 130 mm except for the mixes containing a 
higher percentage of SF and k value more than 4. The results 
are in agreement with those reported in the literature [45]. 
Moreover, SF increases water demand to improve workabil-
ity as it has very fine particles [50–52]. SF is considered 
as a highly reactive pozzolanic material which provides an 
increased cohesiveness in concrete due to its high fineness 
which consequently results into a high amount of water 
requirement to maintain the desired workability. Moreo-
ver. The workability of HSC decreases with the increase in 
the percentage of SF because the smaller particle size and 
higher specific surface of SF increase the water demands of 
concrete.

Compressive strength test results

In the present work, for different percentage of SF and the 
range of k values, compressive strength was evaluated and is 
presented in Table 3. At the same w/b ratio, the contribution 

of SF to the strength of concrete was found to be nonlinear 
and the increase in SF content does not necessarily lead to 
a proportional effect on strength. Further, at a constant w/b 
ratio the compressive strength of concrete decreases with 
an increase in k value. The maximum compressive strength 
was achieved at 6% replacement level of SF at almost all 
k value. Earlier work [53, 54] on SF concrete has demon-
strated that the maximum compressive strength of concrete 
gained at 10% SF blending which can be said as the opti-
mum dose. But a decreasing trend in compressive strength 
is observed when the replacement level exceeds 10%. The 
higher cementing efficiency of SF reduces the binder content 
in the mix. The formation of Ca(OH)2 is fully utilized by 
secondary pozzolan available in the SF [55] at lower k value. 
At higher k value and at higher per cent replacement level of 
SF (> 6%), the reduction in cement content was more than 
25%. Further, it is well known that natural pozzolan trans-
forms Ca(OH)2 (a hydration product of cement) to C–S–H, 
and when the cement content decreases hydration product 
will decrease, and consequently Ca(OH)2 amount and the 
C–S–H will decrease, and hence, the compressive strength 
and UPV value decreases at the higher k value for higher 
percentage replacement level of SF.

UPV test results

Figure 2 shows the variation of UPV at different replacement 
levels of cement by SF and different k values. From Fig. 2, 

Fig. 1  Slump test results
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it can be inferred that at higher k value the pulse velocity 
reading was on the lower side. Figure 2 also shows the linear 
dependency of UPV with k value. Figure 3 represents the 
effect of SF on pulse velocity reading of HSC. From the 
graph shown through Fig. 3, it can be interpreted that at a 
given strength, specimens with a higher SF content (8–15%) 
exhibit lower UPV readings than specimens with a lower 
SF content (2–6%). This indicates that the mixture with a 
lower SF content is denser than the mixture with a higher 
SF content at the same k value.

Owing to the deflocculating of the cement grain, the capa-
bility of the SF particles to insert themselves between the 
cement grains had contributed to water reduction. As the 
percentage replacement level of SF increases (8–15%), the 
more surface area of the SF needs to be wetted; thus, the 
demand for water increases. A large amount of SF is left 
un-dispersed evenly and uniformly, creating a lesser dense 
material. That explained the lower UPV reading in mixture 
with a high percentage (> 8%) of SF compared to mixtures 
with < 8% SF.

Correlation study and model development

Correlation between compressive strength and efficiency 
factor for SF

A fundamental rule of concrete technology is that a distinc-
tive relationship between the w/c-ratio and strength occurs 
for a given material. When SF is introduced, this relation-
ship is modified quantitatively, but not qualitatively. From 
Fig. 4, it is noted that the curves for k versus compressive 

Table 3  Compressive strength and UPV test results

%SF Efficiency 
factor

Compressive strength (MPa) UPV (28 days)

7 Days 14 Days 28 Days

0 – 31.21 41.43 69.04 3713
2 1 33.37 47.65 78.72 5437
4 34.78 47.88 79.01 5343
6 35.78 48.16 79.40 5322
8 34.68 47.17 76.88 4961
10 33.88 45.26 75.87 4698
12 33.12 44.38 74.03 4457
15 31.76 43.89 70.63 4100
2 2 31.67 46.32 76.31 5297
4 33.08 46.75 76.46 5260
6 34.08 47.09 76.83 5134
8 33.98 44.84 72.78 4759
10 32.18 43.27 71.42 4298
12 31.72 42.68 69.53 4126
15 30.87 41.31 66.23 3896
2 3 33.58 46.98 73.39 5045
4 34.47 47.12 73.51 5061
6 35.56 47.58 74.15 5087
8 33.03 44.16 69.11 4656
10 31.96 43.19 66.43 4254
12 31.09 42.11 64.83 3996
15 30.52 41.26 60.12 3787
2 4 33.86 47.06 70.37 4941
4 34.14 47.54 70.59 4823
6 34.98 47.92 71.12 4777
8 31.02 42.11 64.83 4326
10 29.55 41.97 60.87 4087
12 28.96 41.23 59.03 3808
15 27.83 40.67 54.55 3572
2 5 32.28 44.07 66.62 4787
4 32.88 44.42 66.93 4687
6 33.67 44.97 67.87 4694
8 28.78 40.21 59.77 4256
10 27.82 37.05 55.36 3947
12 27.08 36.62 53.82 3657
15 26.47 35.83 48.32 3298

Fig. 2  Variation of UPV at different k values

Fig. 3  Effect of SF on pulse velocity reading
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strength are similar to the curves of w/c versus compressive 
strength. Both curves can be approximated by an exponential 
function similar to that introduced by Abram’s. Using a fixed 
w/b ratio increase in the percentage of SF results in a shift 
in the strength versus k curve, but the shape of the curve is 
maintained.

Processing data points on any of the curves through 
Microsoft Excel gives a simple empirical function and can 
be written as a function of k factor. The relation between 
concrete compressive strength and k value for SF can be 
generalized in the form similar to that of Abram’s law as 
presented in Eq. 2. In Eq. 2, fck signifies the 28-day cube 
compressive strength in MPa.

The values of the constant α1 and β1 corresponding to 
each % of SF are presented in Table 4.

Correlation between compressive strength and UPV

For the prediction of fck, several researchers [39, 56–61] 
have proposed regression model between fck and UPV. An 
exponential relationship has been reported in the literature 
[62–67], between UPV and fck, while few other studies [57, 
58, 68] on correlation between UPV and fck reported power 

(2)fck = �1 ⋅ e
�1⋅k

product equation. The most popular being the exponential 
relationship which can be abridged by Eq. 3.

where fck is compressive strength in MPa; Vp is UPV in m/s; 
α2 and β2 are regression coefficients.

From Fig. 5, it can be observed that the rate of increase 
in pulse velocity was identical at all k values, as a single 
trend line was obtained for all percentage replacement of 
OPC with SF. A good correlation in terms of exponential 
function was observed between UPV and fck, as can be seen 
from Fig. 5 and Eq. 4.

where α2 = 27.87 and β2 = 0.000198.
The predicted fck obtained through Eq. 4 were compared 

with experimental values of fck from this research and is 
shown in Fig. 6. Further, to validate the accuracy of the 
formula suggested in this study, the test-to-predicted ratio 
of concrete compressive strength from the recommended 
equation were compared with those of other proposed equa-
tions developed for UPV and fck as summarized in Table 5. 
The predicted compressive strength from the proposed equa-
tion by other authors were obtained from the UPV values 
obtained in this research. The results demonstrate that the 
vast majority of the considered equations overestimate the 
compressive strength of HSC, while the proposed Eq. 4 
underestimates the compressive strength when compared 
with the results of other authors.

Response surface regression: UPV versus %SF, k

A detailed analysis of variance (ANOVA) was conducted to 
assess the influence of the variables (%SF and k) on UPV 
results. The influence of the interaction among the variables 
on UPV results was also assessed through ANOVA. In the 

(3)fck = �2 ⋅ e
�2⋅Vp

(4)fck = 27.87 ⋅ e0.000198⋅VpFig. 4  Efficiency factor versus compressive strength

Table 4  Constants 
corresponding to %SF

α1 β1 %SF

82.624 − 0.0415 2
82.796 − 0.0412 4
82.942 − 0.0391 6
82.3747 − 0.0619 8
83.1228 − 0.079 10
81.1863 − 0.0801 12
79.1029 − 0.0953 15

Fig. 5  UPV versus compressive strength
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present analysis, ANOVA of the test results was performed 
using the MINITAB programme.

The first column (Table 6) defines the cause of variance, 
and the second column specifies the degrees of freedom 
(DF) defined for each particular event. In general, the DF 
is the measure of how much “independent” information is 

available to calculate each sum of squares (SS). The DF 
(Regression) is one less than the number of parameters being 
estimated. There are k predictor variables and so there are k 
parameters for the coefficients on those variables. There is 
always one additional parameter for the constant, so there 
are k + 1 parameters. But the DF is one less than the number 
of parameters, so there are k + 1 − 1 = k degrees of freedom. 
Hence, the DF is equal to 1 as we have only one output 
parameter. Adj SS is the sum of the squared differences 
between the observed (experimental data set of the response 
variable) and the mean value of the response variable, while 
Adj MS is the mean squares which are the sum of the squares 
divided by degree of freedom. The F value corresponds to 
the ratio of the related mean squares to the overall mean 
square due to error, whereas the P value is the interval of 
confidence in which the test method changes conclusions. 
A confidence interval (CI) is an interval used to estimate a 
response from the data available from research. The CI is a 
range of values that’s likely to include a response value with 
a certain degree of confidence. It is often expressed as a per 
cent. Based on ANOVA, both the linear terms (%SF and k) 
were statistically significant at 95% CI; further, the square 

Fig. 6  Experimental versus pre-
dicted compressive strength

Table 5  Proposed equations 
developed for UPV and 
compressive strength

References Regression formula (MPa) Expression types

Khan [69] fck =
(

0.5208Vp

)5 Power

Kim et al. [60] fck = 50.163Vp − 178.2 1st polynomial
Najim [39] fck = 0.0136Vp − 21.34 1st polynomial
Qasrawi [41] fck = 36.72Vp − 129.077 1st polynomial
Trtnik et al. [70] fck = 0.854e1.2882Vp Exponential
Malhotra and Carino [71] fck = 109.6 +

(

0.33 × Vp

)

Linear
Rashid and Waqas [61] fck = 38.05V2

p
− 316.76Vp + 681.62 2nd polynomial

Present Work fck = 27.87e0.000198Vp Exponential

Table 6  Analysis of variance

Source DF Adj SS Adj MS F Value P Value

Model 5 10,855,092 2,171,018 153.88 0.000
Linear 2 10,814,313 5,407,156 383.26 0.000
%SF 1 8,607,478 8,607,478 610.10 0.000
k 1 2,206,834 2,206,834 156.42 0.000
Square 2 83,152 83,152 2.95 0.068
%SF × %SF 1 81,419 81,419 5.77 0.023
k × k 1 1732 1732 0.12 0.729
2-Way interaction 1 5674 5674 0.40 0.531
%SF × k 1 5674 5674 0.40 0.531
Error 29 409,141 14,108
Total 34 11,264,232
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term k × k and the interaction term SF × k was removed 
from the response surface regression model as the P value 
was 0.729 and 0.531, respectively, and was not statistically 
significant.

The experimental data are used in the model through 
response surface regression which consisted of the terms 
which are statistically significant at a 0.05 level. Quadratic 
interactions were made to obtain the regression equations. A 
statistically noteworthy model with a high correlation coef-
ficient R2 > 0.90 was established and is presented through 
Eq. 5.

Table 7 summarizes the model equation obtained through 
response surface regression. Predicted R2 is more helpful 
than adjusted R2 for comparing models since it is computed 
with observations excluded in the model calculation.

S, R2, adjusted R2, and predicted R2 are measurements 
of how well the model matches the results. S is measured 
in the response variable units and represents the normal 

(5)
Vp = 5863.0 − 67.9 × (%SF) − 177.4 × k − 2.92 × (%SF)2

distance from the regression line that the data values fall. 
R2 (R-Sq) defines the amount of variance that is described 
by the predictor(s) in the observed response values. Adjusted 
R2 is a modified R2 that has been adjusted for the number of 
terms in the model. Adjusted R2 is used to compare models 
with different numbers of predictors. R2 (pred) is a meas-
ure of how well the model predicts the response for new 
observations.

The exactness of the proposed model can be determined 
by comparing anticipated with measured qualities acquired 
with mixes prepared at the focal point of the exploratory 
area. In the present work, to evaluate the precision of the 
proposed model normal probability plot of the residuals or 
the error terms has been plotted. The normal probability 
plots shown in Fig. 7 indicate good accuracy for the estab-
lished models. A probability plot graphs each value versus 
the percentage of values in the sample that are less than 
or equal to it, along a fitted distribution line. The y-axis is 
transformed so that the fitted distribution forms a straight 
line. Difference between observed value and fitted value is 
known as residual. The fitted value is the predicted UPV 
value computed using regression model. Whereas observa-
tion order is the number of data used to develop the regres-
sion model. In the histogram shown in Fig. 7, the frequency 
(or absolute frequency) of an event is the number of times 
the observation occurred in an experiment. Figure 8 shows 
the measured vs predicted graph of UPV.

Table 7  Model summary

S R-sq R-sq(adj) R-sq(pred)

115.918 96.30% 95.94% 95.46%

Fig. 7  Residual plots for UPV
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Strength‑based model to predict compressive strength 
of HSC with SF

The proposed correlation discussed in the previous sub-
section is now effectively utilized to access the compres-
sive strength of HSC. Further, to validate the proposed 
strength-based model from the database of other studies, it 
was necessary to correlate UPV with %SF and its k factor. 
All the proposed analytical formulas are incorporated in the 
strength-based model to predict the compressive strength 
of HSC in terms of k factor and %SF. Both the exponential 
functions proposed through Eqs. 2 and 3 were multiplied to 
give the following general Eq. 6:

By taking the log, Eq. 8 can be transformed into a linear 
function as

From Fig. 2 and Table 4, it can be observed that coeffi-
cient α1 and β1 are dependent on %SF. Figures 9 and 10 show 
the dependency of the coefficients α1 and β1 with %SF. Here 
a straight line fit seems to be preferable over parabolic fit on 

(6)f 2
ck
= �1 ⋅ �2 ⋅ e

�1⋅k+�2⋅Vp

(7)2 loge fck = loge
(

�1�2
)

+ �1 ⋅ k + �2 ⋅ Vp

(8)loge fck =

[

loge
(

�1�2
)

+ �1 ⋅ k + �2 ⋅ Vp

2

]

account of similarity and simplicity and also on account of 
linear dependence of the UPV values with respect to k factor 
(Fig. 2). Thus the two constant can be expressed as

Substituting for α1, α2, β1 and β2 in Eq. 8, the proposed 
compressive strength-based model equation can be repre-
sented as given by Eq. (8) where the dependent variable is a 
linear equation of more than an independent variable.

(9)�1 = −0.2413 × %SF + 83.986

(10)�1 = −0.0047 × %SF − 0.024

(11)

loge fck =

[

loge (27.87 × (−0.2413 × %SF + 83.986)) − (0.0047 × %SF + 0.024) × k + 0.000190 × Vp

2

]

Fig. 8  Measured versus predicted values for UPV
Fig. 9  Dependency of the coefficient α1 with %SF

Figure 11 presents the comparison of measured versus 
predicted compressive strength, which was obtained from 
Eq. 11.

Substituting for Vp (Eq. 11) in Eq. 10, the proposed com-
pressive strength model can be modified as Eq. 12.

Taking antilog Eq. 12 can be modified in a more general 
form. Equation 13 presents the modified form.

The applicability of the proposed equation is verified 
from the data set of authors whose k values were known 
and is shown in Table 8. The percentage error presented in 
Table 8 clearly shows that the database of other researchers’ 

(12)loge fck =

[

loge (2340.69 − 6.725 × %SF) − (0.0047 × %SF + 0.024) × k + 0.00019 ×
(

5863 − 67.9 × %SF − 177.4 × k − 2.92 × (%SF)2
)

2

]

(13)
fck = e

[

loge (2340.69−6.725×%SF)−(0.0047×%SF+0.024)×k+0.00019×(5863−67.9×(%SF)−177.4×k−2.92×(%SF)2)
2

]
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Fig. 10  Dependency of the coefficient β1 with %SF
Fig. 11  Measured versus predicted compressive strength

Table 8  Validation of proposed 
strength-based model from the 
database of other authors

Authors w/b %SF k Compressive 
strength (MPa) 28 
Days

Predicted compres-
sive strength (MPa)

% Error

Malathy and Subramanian [28] 0.30 2.5 2.15 75.28 78.35 3.91
5 2.61 75.56 73.97 − 2.15
7.5 2.75 78.67 70.26 − 11.97
10 2.93 82.76 66.24 − 24.93

0.35 2.5 2.15 62.63 78.35 20.06
5 2.61 65.55 73.97 11.38
7.5 2.75 68.42 70.26 2.62
10 2.93 72.13 66.24 − 8.88

Bhanja and Sengupta [14] 0.34 5 6.83 64.3 62.13 − 3.49
10 5.33 72.0 58.32 − 23.45

0.38 5 6.83 60.2 62.13 3.11
10 5.33 66.5 58.32 − 14.02
15 4.06 67.6 55.06 − 22.77

0.42 10 5.33 57.5 58.32 1.41
15 4.06 60.7 55.06 − 10.24
20 3.01 62.7 51.91 − 20.80

Maage [13] 0.64 5 6.83 50.1 62.13 19.37
0.70 10 5.33 53.6 58.32 8.10

Sorensen [72] 0.38 10 5.33 63.7 58.32 − 9.22
20 3.01 53.3 51.91 − 2.69

0.40 20 3.01 50.0 51.91 3.67
0.37 10 5.33 56.2 58.32 3.64

Yamato and Emoto [73] 0.35 5 8.89 62.1 57.07 − 8.82
10 5.73 64.3 57.10 − 12.61

0.45 5 7.40 49.0 60.69 19.26
10 6.98 57.3 53.43 − 7.23
20 3.01 52.70 51.31 − 2.70

0.25 10 2.64 68.3 67.27 − 1.53
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lies within ± 15% to ± 20% limits, which verifies the appli-
cability of the model. The proposed model is for the strength 
range of the 40–75 MPa.

Conclusions

Considerable numbers of experiments were performed on 
high-strength concrete (HSC) to determine the isolated 
influence of silica fume (SF) on the efficiency factor (k) on 
compressive strength and ultrasonic pulse velocity (UPV) of 
concrete over a wide range of k values varying from 1 to 5 
and SF replacement percentages ranging from 2 to 15. The 
following conclusions could be derived from the exploratory 
research programme.

1. Workability of HSC mixes with SF follows a decreasing 
trend with increasing SF content. However, at the opti-
mum dosage of SF (6%), minimum slump of 98 mm was 
obtained which was quite satisfactory and was beyond 
the desired range.

2. The desired value of strength (60 MPa) was achieved at 
6% replacement of SF with a k value of 4.

3. For k value up to 4 and SF replacement up to 6% led to 
reduction in cement content by 24%. At higher k value, 
increase in SF content in HSC mixes decreases the com-
pressive strength and UPV value due to the unutilized 
pozzolana reduces the compressive strength and UPV 
values.

4. The k value can be used to transform a certain amount 
of pozzolan to an equivalent amount of cement in terms 
of strength contribution; hence, it can be used as a basis 
for more efficient proportioning of blended concrete.

5. A prediction formula for evaluating compressive 
strength from UPV values has been proposed. A very 
good agreement between the experimental and predicted 
compressive strength was observed.

6. The present work also proposed a new model to predict 
the 28 days compressive strength of concrete based on 
UPV, %SF, and k value. The prediction of concrete com-
pressive strength with the proposed numerical model 
demonstrated a decent level of coherency with experi-
mentally evaluated compressive strength.

7. Concrete strength depends upon the molecular arrange-
ment of its hydrated constituents compounds. The UPV 
value is used as an indicator of the microstructure devel-
opment of concrete. In young concrete, with the progress 
of hydration, the solid phase in the system becomes 
more connected. In the present work, the UPV meas-
urement and compressive strength, directly or indirectly, 
reveal the development of microstructure during and 
after the cement hydration process. The ease of passing 
ultrasonic waves through the concrete samples indirectly 

indicates the formation of dense microstructure and thus 
indicating the reduction of voids in the concrete matrix. 
The modelled equation elucidates this effect as the influ-
ence of %SF and its cementing efficiency factor on UPV 
have been incorporated in the proposed model equation.

8. The validity of the model has been verified with the 
results obtained by different researchers on different 
types of specimens. The proposed model is for the 
strength range of the 40–75 MPa. This model enables 
us to effectively and dependably estimate the compres-
sive strength of silica fume concrete.

This study may have limitations as various influencing 
factors, like aggregate conditions and admixture replace-
ment, were not considered to improve the reliability of the 
proposed model. Further, it is recommended that testing of 
concrete produced with SF extended to 60 or 90 days to 
further determine the pozzolanic effect of SF in terms of 
durability properties.
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