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Abstract: The growing use of washed gravel as a cost-effective and practical alternative to crushed granite in concrete
production emphasizes the need to understand its strength properties. This study investigates the development of
compressive, flexural, and split tensile strengths in washed gravel concrete at 3, 7, 14, 21, and 28 days, and applies
the Ibearugbulem regression model to predict the 28-day strengths. Laboratory strength tests were conducted on 17
concrete mix ratios—12 for model formulation (N1-N12) and 5 control mixes (C1-C5) for validation. The
compressive strength test yielded a peak 28-day strength of 30.54 N/mm2 (experimental) versus 28.76 N/mm?
(predicted) for a mix ratio of 1:1.2:1.5 (w/c = 0.4). Similarly, flexural strength peaked at 7.39 N/mm? (experimental)
compared to 6.53 N/mm?2 (predicted) for a mix ratio of 1:2.5:3 (w/c = 0.55), while the split tensile strength peaked at
2.35 N/mma2 (experimental) and 2.14 N/mmz2 (predicted) for a 1:2:2.5 mix (w/c = 0.6) at 28 days. The accuracy of the
model’s prediction of the concrete strengths was checked using Fisher’s F-test at a 95% confidence level. Our results
show that washed gravel is a viable material for concrete production with rapid strength development, with 81% of
the 28-day strengths attained in 3 days, and the model reliably predicts these strengths attained.

Keywords: Washed gravel concrete, Compressive strength, Flexural strength, Split tensile strength, Regression
model, Concrete mix design.

1. INTRODUCTION

Concrete remains a key component in modern infrastructure development due to its strength, affordability, and ease of
application. However, increasing scarcity and the cost of conventional coarse aggregates, such as crushed granite, have
necessitated the exploration of locally available alternatives. Washed gravel, a locally sourced material, has demonstrated
potential as a viable substitute. This study focuses on modelling and predicting compressive, flexural, and split tensile
strengths of concrete made with washed gravel using Ibearugbulem's regression model. By employing pseudo variables
derived from actual mix ratios, the model offers a practical solution for predicting strength properties with limited laboratory
resources.

Concrete's performance is mainly influenced by the properties of its constituent materials, particularly aggregates, which
form 70-80% of its volume [1]. Several studies have explored alternative materials to granite. [2] and [3] demonstrated that
washed gravels from local sources can be structurally adequate when properly assessed. Studies by [4], [5], and [6] have
revealed that the size, gradation, and cleanliness of washed gravel significantly influence the resulting concrete strength.

Optimization models such as [7] and [8] provide theoretical bases for concrete mix design. The [7] model utilizes
polynomial expressions based on component ratios within simplex lattices. Osadebe extended this by applying absolute
volumes in an unrestricted design space [9]. These approaches are highly effective for optimizing concrete mixtures.
However, they are limited in that they require a predefined number of tests during model development and can only be
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applied to mix ratios within the predetermined experimental range. These constraints restrict their suitability for optimizing
already conducted laboratory tests. [10] addressed these limitations with their new regression model by leveraging the
algebraic invariance of constants to simplify Osadebe's model. This new model is suitable for concrete mix design using
pseudo variables derived from normalized mix ratios that sum up to unity and individually vary from O to 1.

Considering an arbitrary amount, S of a given mixture with g components, and the proportion of the it* component of the
mixture be S;. Then from the principle of absolute volume (or mass),
S, S, S

T P T A
S+S+ +S 1 €8]

Where % is the proportion of the it" constituent of the mixture, let % = Z;

q
Zl+Zz+‘“+Zq=ZZi=1 (2)

i=1

The response function F(Z), is

F(Z) = ) ba(Zi= 2" 3
n=0
Taylor series expansion of equation 3, solving for the coefficients, the resulting equation is summarized as
O™ F(Z) .
F(Z) = ﬂT(zi —Zy) (4)
n=0

By assuming that the response function, F(Z) is continuous and differentiable with respect to its predictors, Z;, the response
can be expanded about

T
ZO = (ZO(I) , ZO(Z)' ZO(q)) as:

& F(Zy) = & F(Zo)
— - . - . — — .- 2
T (Zi-Zog) (74 zog))+§ 77 (Zi-Zo)*+... ©))

i=1

q
oF(Z
FO-FE)+ Y oo 7,7,y

gl q
i=1 =l j=1

[10] simplified at Z, = 0, considering that the product and quotient of constants are also constants to deduce the response
function, F(Z) as,

n

F(Z) = by + anzi“ 6)
i=1

Fori=gq, 1<n <gq (7)

From equation 2,

q
by= Z beZ, (8)
i=1
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Forgq=1
The coefficients are:
b, = by and
n = b; (for the Z; term)
Forq=2
The coefficients are:

bn = bO

b, = b; (for the Z; term) (9)
b, = b; (for the Z;Z; term)

b, = b; (for the Z? term)

Forg=3

The coefficients are: _

b, = by ; b, = b; (for the Z; term)

b, = b;; (for the Z;Z; term); b, = by (for the Z? term)

b, = by; (for the Z} term); b, = by (for the Z,Z;Z) term) L

b, = by; (for the Z}Z; term); b, = by;; (for the Z,Z} term) (10)
b, = by (for the Z?Z, term) b, = by (for the Z;Z% term)
b, = bjji (for the Z}Z) term) b, = bj (for the Z;Z} term)

q
F(Z) = Zﬁlz + Z By Z:Z; + Z Bu ZiZiZy +  + Z ﬁijkquizjzk W 11)
i<q 1<i<j<q 1<i<j<k=<q 1<i<j<k<
Fori = q = 3 (3-component mixture)
F(Z) = B1Z1+ BoZy+ B3Zs+ Pr2Z1Z, + P13Z1Z3 + PozZyZs + PiasZiZ,25 (12)

Equation 11 can be summed up to form simultaneous equations summarized in equation 13.

n . r n q n 4q n 4
ZZlF(Z) ZZZ1Z1 Z 22122 ZZZ1Z3
ren r<n i<q r<n i<q r<n i<q
n n q n q n q
ZZZF(Z) 222122 ZZZZZZ 222223 [ﬂl ] (13)
r<n rs<n i<q rs<n isq r<n isq ﬂz
= n q n q n 4 I B |
ZZ3F(Z) 222123 222223 222323 l 5 J
rsn rsn isq rs<n isq r<n isq 3123
n q n q
2212223 F@) Z LnZZy )Y LLlZy ) ) L7
rsn r<n isq r<n isq r<n isq
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Simplified as,
[F(2)] = [ccllp] (15)
2. MATERIALS AND METHODS

In this study, Portland Limestone Cement (PLC), river sand sourced from Calabar metropolis, washed gravel obtained from
Akamkpa LGA, Cross River state, Nigeria, and clean potable water were used for concrete production. A total of seventeen
concrete mixes were prepared, consisting of twelve development mixes (N1-N12) for model formulation and five control
mixes (C1-C5) for validation. The mix designs incorporated varying aggregate proportions and water-cement ratios ranging
from 0.4 to 0.65 to evaluate a spectrum of concrete properties.

Comprehensive aggregate characterization was conducted, including sieve analysis performed according to ASTM
C136/C33 standards for both fine and coarse aggregates. Additional aggregate tests performed included specific gravity and
water absorption (ASTM C128/C127), Aggregate Impact Value (BS 812-112:1990), and bulk density (ASTM C29/C29M).
The workability of fresh concrete was evaluated using slump tests following ASTM C143 procedures.

Strength testing was conducted following British Standards, with compressive strength measured at 3, 7, 14, 21, and 28
days (BS 1881-116). Flexural strength was determined through third-point loading of beams in accordance with BS 1881-
118, while split tensile strength was evaluated using the indirect cylinder test method specified in BS 1881-117. The
experimental results were optimized using the Ibearugbulem regression model, with model reliability verified through
Fisher's F-test at a 95% confidence level. This comprehensive testing protocol ensured robust evaluation of washed gravel
concrete properties and validation of the predictive model's accuracy across different mix designs for 28-day strengths.

The summary of the strength tests are shown in Tablel, Table2, and Table3.

Table 1: Compressive Strengths for the different mix ratios at 3, 7, 14 ,21 and 28 days

Compressive strength test result (N/mm7)

SN Mix ratio Water/Cement ratio 3days Tdays ld4days 21days 28days
N1 1:1.2:1.5 0.45 2526 26.65 27.33 28.37 2912
Nz 1:1.2:1.5 0.4 26.10 27.74 28.98 29.06 30.54
N3 1:1.2:1.5 0.35 2432 2450 2580 26.32 2728
N4 1:2:2.5 0.25 24.74 25353 26.02 27.82 2832

5 1:2:2.5 0.5 24.82 25.08 26.42 28.28 2915
MNs 1:2:2.5 0.6 18.69 19.19 21.40 25.06 2712
N7 1:2.5:53 0.25 1985 20.74 21.02 2281 2557
N3 1:2.5:3 0.63 17.84 18.07 19.31 21.63 2393
Mo 1:2:4 0.63 21.88 2251 2357 2448 25.64
N 1:1.5:3 0.6 2077 217 2238 2471 2521
Nn 1:1.5:3 0.35 19.583 20.01 22.82 2539 2711
Nz 1:2:4 0.25 2321 2382 24 85 2512 26.87
1 1:1.5:53 0.5 2451 2544 2598 26.94 2715
Cz 1:2:4 0.3 24 64 2527 2595 26.42 26.01
Cz 1:1.2:1.5 0.5 2396 2412 2493 26.71 2705
C4 1:1:2 0.3 2287 2348 23.70 24 24 2495

3 1:2:2.5 0.63 2423 2562 2588 26.37 27.54
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Table 2: Flexural strengths for the different mix ratios at 3, 7, 14 ,21 and 28 days

Flexural strength test result (N/mm?)
SIN Mix ratio Water/Cement ratio 3days 7days l4days 21days 28days
N1 1:1.2:15 0.45 4.28 4.29 5.03 5.28 5.36
N2 1:1.2:15 0.4 4.52 4.77 5.11 5.94 7.28
N3 1:1.2:15 0.55 4.12 4.28 4.47 4.58 4.61
N4 1:2:25 0.55 5.72 5.76 5.52 5.67 5.86
Ns 1:2:25 0.5 4.66 5.27 5.29 5.30 5.33
Ns 1:2:25 0.6 5.80 5.96 5.98 6.15 6.20
N7 1:2.5:3 0.55 6.82 6.92 6.93 7.10 7.39
Ns 1:2.5:3 0.65 4.69 4.71 4.82 4.89 5.82
Ng 1:2:4 0.63 5.38 5.48 5.19 5.23 5.36
N1o 1:1.5:3 0.6 4.52 4.65 4.78 4.55 5.85
N1 1:1.5:3 0.55 4.34 4.37 4.60 5.01 6.32
Ni2 1:2:4 0.55 5.31 5.39 5.67 5.78 5.82
C: 1:1.5:3 0.5 5.55 5.59 5.67 5.81 6.23
C 1:2:4 0.5 5.18 5.22 5.26 5.29 5.36
Cs 1:1.2:15 0.5 5.31 5.36 5.37 5.33 5.39
Cs 1:1:2 0.5 5.31 5.06 4.85 4.93 5.05
Cs 1:2:25 0.65 5.26 5.29 5.38 5.58 5.98
Table 3: Split tensile strengths for the different mix ratios at 3, 7, 14 ,21 and 28 days
Split tensile strength test result (N/mm?)
S/IN Mix ratio Water/Cement ratio 3days 7days l4days 21days 28days
N1 1:1.2:15 0.45 1.71 1.75 1.81 1.83 1.88
N2 1:1.2:15 0.4 1.80 1.84 1.85 1.91 2.08
N3 1:1.2:15 0.55 1.25 1.34 1.41 1.52 1.95
N4 1:2:25 0.55 1.85 1.99 1.87 1.90 2.04
Ns 1:2:25 0.5 2.16 2.38 211 2.01 2.32
Ns 1:2:25 0.6 1.94 2.02 2.03 2.08 2.35
N7 1:2.5:3 0.55 1.25 1.59 1.64 1.71 1.99
Ns 1:25:3 0.65 1.17 1.26 1.42 1.50 1.74
N 1:2:4 0.63 1.09 1.33 1.33 1.61 1.84
N1o 1:1.5:3 0.6 1.00 1.16 1.17 1.24 1.39
N1 1:1.5:3 0.55 1.01 1.20 1.26 1.29 1.52
N1z 1:2:4 0.55 1.13 1.38 1.42 1.50 1.68
C: 1:1.5:3 0.5 1.65 1.76 1.79 1.86 1.90
C, 1:2:4 0.5 1.11 1.26 1.33 1.44 1.95
Cs 1:1.2:15 0.5 1.41 1.58 1.59 1.63 1.88
Cs 1:1:2 0.55 1.25 1.41 1.32 1.37 1.43
Cs 1:2:25 0.65 1.39 1.41 1.56 1.74 2.03

We used Ibearugbulem’s regression model to generate mixture response function to predict the 28™ day strength of concrete.
For three component mixtures (S;, S, and S;) representing water/cement, fine aggregate/cement and coarse
aggregate/cement ratios respectively, the pseudo variables are summarized in Error! Reference source not found..
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Table 4: Pseudo variables

Paper Publications

SIN St S2 S3 S Z1 Z2 Z3
N1 0.45 1.2 15 3.15 0.1429 0.3810 0.4762
N2 0.4 1.2 15 3.1 0.1290 0.3871 0.4839
N3 0.55 1.2 15 3.25 0.1692 0.3692 0.4615
N4 0.55 2 2.5 5.05 0.1089 0.3960 0.4950
Ns 0.5 2 2.5 5 0.1000 0.4000 0.5000
Ns 0.6 2 2.5 5.1 0.1176 0.3922 0.4902
N7 0.55 2.5 3 6.05 0.0909 0.4132 0.4959
Ng 0.65 2.5 3 6.15 0.1057 0.4065 0.4878
No 0.63 2 4 6.63 0.0950 0.3017 0.6033
N1o 0.6 15 3 5.1 0.1176 0.2941 0.5882
N11 0.55 15 3 5.05 0.1089 0.2970 0.5941
N12 0.55 2 4 6.55 0.0840 0.3053 0.6107
Table 5: Pseudo variables continue
SIN VAVAL VAVA 2173 VAVAVA) 212173 217773 VAVAV YA 2227, 2273
N: | 0.0204 0.0544 0.0680 0.0078 0.0097 0.0259 0.0037 0.1451 0.1814
N2 | 0.0166 0.0499 0.0624 0.0064 0.0081 0.0242 0.0031 0.1498 0.1873
N3 | 0.0286 0.0625 0.0781 0.0106 0.0132 0.0288 0.0049 0.1363 0.1704
Ns | 0.0119 0.0431 0.0539 0.0047 0.0059 0.0214 0.0023 0.1568 0.1961
Ns | 0.0100 0.0400 0.0500 0.0040 0.0050 0.0200 0.0020 0.1600 0.2000
Ne | 0.0138 0.0461 0.0577 0.0054 0.0068 0.0226 0.0027 0.1538 0.1922
N7z | 0.0083 0.0376 0.0451 0.0034 0.0041 0.0186 0.0017 0.1708 0.2049
Ns | 0.0112 0.0430 0.0516 0.0045 0.0054 0.0210 0.0022 0.1652 0.1983
Ny | 0.0090 0.0287 0.0573 0.0027 0.0054 0.0173 0.0016 0.0910 0.1820
N | 0.0138 0.0346 0.0692 0.0041 0.0081 0.0204 0.0024 0.0865 0.1730
N1z | 0.0119 0.0323 0.0647 0.0035 0.0070 0.0192 0.0021 0.0882 0.1765
N2 | 0.0071 0.0256 0.0513 0.0022 0.0043 0.0157 0.0013 0.0932 0.1865
h 0.1626 0.4979 0.7093 0.0593 0.0831 0.2550 0.0300 1.5969 2.2485
Table 6: Pseudo variable continue
SIN 2373 VAVAYA) 222273 212,737, 217373 227373 21777373 VAVAVA YAV E)
N1 0.2268 0.0207 0.0691 0.0099 0.0324 0.0864 0.0123 0.0014
N2 0.2341 0.0193 0.0725 0.0094 0.0302 0.0906 0.0117 0.0012
N3 0.2130 0.0231 0.0629 0.0106 0.0360 0.0787 0.0133 0.0018
N4 0.2451 0.0171 0.0776 0.0085 0.0267 0.0971 0.0106 0.0009
Ns 0.2500 0.0160 0.0800 0.0080 0.0250 0.1000 0.0100 0.0008
Ne 0.2403 0.0181 0.0754 0.0089 0.0283 0.0942 0.0111 0.0010
N7 0.2459 0.0155 0.0847 0.0077 0.0224 0.1016 0.0092 0.0007
Ng 0.2380 0.0175 0.0806 0.0085 0.0251 0.0967 0.0102 0.0009
No 0.3640 0.0086 0.0549 0.0052 0.0346 0.1098 0.0104 0.0005
Nio | 0.3460 0.0102 0.0509 0.0060 0.0407 0.1018 0.0120 0.0007
N1 | 0.3529 0.0096 0.0524 0.0057 0.0384 0.1048 0.0114 0.0006
N2 | 0.3729 0.0078 0.0569 0.0048 0.0313 0.1139 0.0096 0.0004
> 3.3290 0.1836 0.8180 0.0931 0.3712 1.1756 0.1318 0.0110
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Table 7: Pseudo variables continue

SIN 21217,7373 22227373 2122777373 VAVAVAYLYAYA VAVAVLY L) 21217373
N1 0.0018 0.0329 0.0047 0.0007 0.0030 0.0046
N2 0.0015 0.0351 0.0045 0.0006 0.0025 0.0039
N3 0.0023 0.0290 0.0049 0.0008 0.0039 0.0061
Na 0.0012 0.0384 0.0042 0.0005 0.0019 0.0029
Ns 0.0010 0.0400 0.0040 0.0004 0.0016 0.0025
Ns 0.0013 0.0370 0.0043 0.0005 0.0021 0.0033
N7 0.0008 0.0420 0.0038 0.0003 0.0014 0.0020
Ns 0.0011 0.0393 0.0042 0.0004 0.0018 0.0027
No 0.0010 0.0331 0.0031 0.0003 0.0008 0.0033
N1o 0.0014 0.0299 0.0035 0.0004 0.0012 0.0048
N1 0.0012 0.0311 0.0034 0.0004 0.0010 0.0042
N1z 0.0008 0.0348 0.0029 0.0002 0.0007 0.0026
) 0.0153 0.4227 0.0476 0.0056 0.0219 0.0429

From equation 14, the elements of the CC-matrix are shown in Error! Reference source not found. and the inverse
in Table 9.

Table 8: Elements of Matrix [CC]

CC-Matrix
0.1626 0.4979 0.7093 0.0593 0.0831 0.2550 0.0300
0.4979 1.5969 2.2485 0.1836 0.2550 0.8180 0.0931
0.7093 2.2485 3.3290 0.2550 0.3712 1.1756 0.1318
0.0593 0.1836 0.2550 0.0219 0.0300 0.0931 0.0110
0.0831 0.2550 0.3712 0.0300 0.0429 0.1318 0.0153
0.2550 0.8180 1.1756 0.0931 0.1318 0.4227 0.0476
0.0300 0.0931 0.1318 0.0110 0.0153 0.0476 0.0056
Table 9: Elements of the Inverse of Matrix [CC]*
CC-Matrix Inverse
14189776.88 3110697.61 137684395 -46476394.80 -29371721.28 -BBB1851.81 87612896.92
3169634.70 912367.12 405881.99 -10781122.36 -6814893.14 -2614875.19 2049089311
1407083.01 406790.30 182199 .64 -4704532 48 -3041093.10 -1169567.98 015432508
-46703540.68 -10637812.7% -4717529.28 154088786.03 97344184 36 30426233580 -291350938.67
-29522776.42 -6725971.07 -2993137.60 97368767.96 61621208.24 19264247 .43 -184445110.53
-9068886.52 -2618973.94 -1168733.46 30596660.60 1955684416 7518213.59 -38880645.30
2837610476 20294131.60 9041733 48 -202648244 44 [ -135002220.73 -382035341.36 356163897210

The F(Z).Z matrices obtained from the laboratory tests are shown in Table 10, Table 11 and Table 12 for compressive,
flexural and split tensile strengths respectively.
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Table 10: F(Z). Z (Compressive strength)

Strength
SN | (Lab)=F(z) | 3Z1.F(z) | 3Z2.F(Z) | YZ3.F(z) | YT1Z2.F(z) | TI1ZaF(z) | TZZaF(z) | T Z1Z273.F(z)
(N/mm?)
N1 29.12 4.16 11.0933 13.8667 1.5848 1.081 5.2823 0.7346
N2 30.54 3.9406 11.8219 147774 1.5234 1.9068 5.7203 0.7381
N3 27.28 4.6166 10.0726 12.2908 1.7048 2.1307 4.6489 0.7%87
Ny 28.52 3.1061 11.295 14.1188 1.2302 1.5377 5.5916 0.609
Ns 29.13 2.913 11.652 14.563 1.1532 1.4563 3.828 0.5%26
Ns 27.12 3.1906 10.6353 13.2941 1.2512 1.564 5.2134 0.6133
N7 25.57 2.3245 10.5661 12.6793 0.9608 1.1527 5.2394 0.4763
Ns 23.95 2.3313 9.7338 11.6829 1.029 1.2348 4.7492 0.5019
No 25.64 24364 1.7345 15.4691 0.733 1.4609 4.6664 0.4434
N 25.81 3.0383 7.5012 15.1824 0.8931 1.7862 4.4654 0.5253
Nu 27.11 2.9326 8.0325 16.103 0.877 1.754 4.7838 0.321
Nn 26.87 2.2363 §.2048 16.4092 0.6889 13779 5.0104 0.4207
¥ 374645 | 118.4549 | 170.7406 13.6448 19.3521 61.1971 6.9731
Table 11: F(Z). Z (Flexural strength)
Strength
SN | (Lab)=F(z) | ¥Z1.F(z) | ¥Z2.F(z) | T ZaF(z) | TT1Z2.F(z) | YZ1Z2.F(z) | YZL2ZoF(z) | T Z1Z2Z3.F(z)
(N/mm?)
N1 3.36 0.7657 2.0419 2.5524 0.2017 0.3648 0.9723 0.7548
Nz 7.28 0.9394 28181 3.5226 0.3636 0.4545 1.3634 0.7381
N3 4.61 0.7802 1.7022 21277 0.2881 0.3601 0.7836 0.7867
Ny 3.86 0.6382 2.3208 2.901 0.2528 0.3139 1.1489 0.609
3 5.33 0.533 2.132 2,663 0.2132 0.26635 1.066 0.5826
Ni 6.2 0.7294 24314 3.0392 0.286 0.3576 1.1918 0.6133
N7y 7.30 0.6718 3.0337 3.6645 0.2778 0.3331 15142 0.4763
Ns 382 0.6151 2.3639 2.839 0.23 0.3001 1.1541 0.5019
Ny 5.36 0.3093 1.6169 3.2338 0.1336 0.3073 0.9735 0.4434
N 3.83 0.6882 1.7206 34412 0.2024 0.4048 10121 0.5233
Nu 6.32 0.6883 1.8772 3.7345 0.2045 0.4089 1.1152 0.521
Ni 5.82 04887 1.7771 3.5342 0.1492 0.2924 1.0833 0.4207
¥ 5.0474 258577 37.295 2.9328 41719 13.3846 6.9731
Table 12: F(Z). Z (Split tensile strength)
Strength
SN | (Lab)=F(z) | YZ1.F(z) | ¥Z2F(z) | TZ3.F(z) | 31ZF(z) | TL1ZaF(z) | 3 Z2Z3.F(z) | T L1Z2Z3.F(z)
(N/mm?)
N1 1.28 0.2686 0.7162 0.8952 0.1023 0.1279 0.341 0.0487
N2 2.08 0.2684 0.8032 1.0063 0.1039 0.1299 03898 0.0303
N3 1.95 0.33 0.72 0.9 0.1218 0.1523 0.3323 0.0362
Ny 2.04 0.2222 0.8079 1.0009 0.088 0.11 0.4 0.0436
§ 232 0.232 0.028 1.16 0.0928 0.118 0.464 0.0484
Ns 235 0.2763 0.2216 1.152 0.1084 0.1355 04517 0.0331
Nz 1.99 0.1809 0.8223 0.9868 0.0748 0.0897 0.4078 0.0371
Ns 1.74 0.1839 0.7073 0.8488 0.0748 0.0897 0.345 0.0365
No 1.84 0.1748 0.53551 1.1101 0.0527 0.1055 03349 0.0318
N 1.39 0.1633 04028 0.8176 0.0481 0.0962 02405 0.0283
Nu 1.52 0.1653 0.4515 0.903 0.0492 0.0983 02682 0.0292
N1 1.68 0.1411 0.513 1.028 0.0431 0.0861 0.3133 0.02863
¥ 2.6074 8.3568 11.815§ 0.9500 1.3372 4.2883 0.4875

Substituting Table 9, and consecutively Table 10, Table 11, and Table 12 into equation 14, the coefficients g for the
response function in equation 12 for compressive, flexural and split tensile strengths are shown in Table 13.
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Table 13: Coefficient of the modeled response function

Coefficients of the response function, S.
Compressive Strength Flexural Strength Split Tensile Strength
L1 -453.103 175.169 118.576
B2 -1668.577 370.753 -175.197
B3 -664.103 153.648 -71.516
B12 2896.889 -1548.542 -88.267
B1i3 1450.120 -755.444 -131.266
B23 4610.403 -1021.316 492.327
B123 -1833.842 3366.324 395.942

The modeled response function for the 28-day strengths of the washed-gravel concrete are shown in equation 16, 17 and 18
for compressive, flexural and split tensile strengths respectively.

Response Function for the Compressive Strength

F(Z) = —453.103 Z, — 1668.577 Z, — 664.103 Z5 + 2896.889 Z,Z, + 1450.12 Z,Z, + 4610.403 Z,Z,
— 1833.842 Z,7,7, (16)

Response Function for the Flexural Strength

F(Z) = 175.169 Z, + 370.753 Z, + 153.648 Z; — 1548.542 Z,Z, — 755.444 Z,Z5 — 1021.316 Z,Z5
+ 3366.324 Z,7,75 (17)

Response Function for the Split Tensile Strength

F(Z) = 118.576 Z, — 175.197 Z, — 71.516 Z; — 88.267 Z,Z, — 131.266 Z,Z5 + 492.327 Z,Z,

+ 395942 7,7,Z, (18)
Table 14: Concrete strength prediction for the mix ratios N1 to N1z using the model
Concrete Strengths
Compressive Strength (N/mm?) Flexural Strength (N/mm?) | Split Tensile Strength (N/mm?)
SN Experiment Model Experiment Model Experiment Model
N1 2012 28.51 536 573 1.88 1.98
N3 3054 28.76 728 6.01 2.08 2.06
N3 2728 27.79 4.61 4.72 1.95 192
Ny 28.52 28.96 3.86 6.00 2.04 222
g 2013 28.99 333 3.90 2.32 231
Ns 2712 28.59 6.2 6.11 235 2114
Ny 2557 2473 7.39 6.53 1.99 194
Ny 23935 24 58 3.82 6.73 1.74 1.79
Ny 2364 2647 3.36 533 1.84 1.66
Nu 2381 26.20 3.85 599 1.39 1.45
Nn 27.11 2633 6.32 591 1.32 1.32
N 26.87 26.53 5.82 557 1.68 1.80
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Table 15: Concrete strength prediction for the control mix ratios C1 to Cs using the model

Concrete Strengths
Compressive Strength (N/mm?) Flexural Strength (N/mm?) Split Tensile Strength (N/mm?)

SN Experiment Model Experiment Model Experiment Model
Cl1 27.13 26.43 6.23 3.01 1.90 1.61
c2 26.01 26.53 5.36 5.34 1.95 1.89

3 27.95 28.19 539 5.29 1.38 1.94
4 2498 25.81 505 3.65 1.43 1.31
C5 27.54 28.79 5098 6.05 2.03 2.08

To assess the accuracy of the model predictions, Fisher’s F-test was performed on the control mix (C1-C5) to determine
whether there was a statistically significant difference between the laboratory-measured concrete strengths and the model-

predicted strengths at a 95% confidence level.

Table 16: Fisher’s F-Test for Compressive Strength

Paper Publications

SN Fy F; F, - F FL-F (F,—F)* (FL—F)
c1 27.13 26.43 0.23 -0.68 0.054 0.464
c2 2691 26.53 0.01 -0.58 0.000 0.335
C3 2785 28.19 1.05 1.08 1.107 1.164
C4 2496 2561 -1.94 -1.50 3.756 2253
C3 27.54 28.79 0.64 1.68 0412 2828
3329 T.044
MNumber of Observation, n 3 3
Degree of freedom DF, (n- 4 4
1)
Mean, F 2690 | 27.11
Variance, o- 1.332 1.761
F-statistics = 1322
F-critical for &« = 0.03 6388
Table 17: Fisher’s F-Test for Flexural Strength

SN F F; F _'F_‘J. FL_*F'T: (FI_FTI:'! (Fl_F_:]:
C1 6.23 301 0.23 -0.68 0.054 0.464

C2 336 334 0.01 058 0.000 0.335

C3 3.394 320 1.05 1.08 1.107 1.1464

C4 53.05 3.65 -1.94 -1.50 3736 2.253

C3 308 6.05 0.64 1.68 0.412 2828
Number of Observation, n 5 5

DF, (a-1) 2 1

Mean, F 3.60 3.65

Variance, o° 0.236 0.113

L 0.236
F-statistics — L
0113
F-critical for @ = 0.03 6.388
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Table 18: Fisher’s F-Test for Split tensile Strength

8N F F, FL-F F, —F; (F, — F,)* (F, — F;)F

C1 19 161 0.06 -0.13 0.004 0.024

C2 195 1.89 0.11 012 0.013 0.016

C3 1.88 1594 0.04 017 0.002 0.029

C4d 1.43 131 041 -0.435 0.166 0.204

C3 2.03 2.08 0.19 031 0.037 0.097
5 0221 0.370

MNumber of Observation, n 3 3

DEF, (n-1) 4 4

Mean, F 1.84 1.77

Variance, o° 0.035 0.0925

F-statisti 0.0%25 _ 1.671

-statistics Tgss - b
F-critical for @ = 0.05 6382

Since the F-statistics did not exceed the critical value from statistical table, the test confirmed that there is no significant
difference between the predicted strengths (using Ibearugbulem’s regression model) and the experimental results.

3. DISCUSSION AND CONCLUSION

The developed regression models (Equations 16-18) can effectively predict the 28-day compressive, flexural, and split
tensile strengths of washed-gravel concrete at a 95% confidence level. These models were developed from experimental
concrete strengths that are highly dependent on the constituent material properties, minimal human errors, and the laboratory
conditions. In this study, the aggregates exhibited properties fully compliant with standard concrete production
requirements. The washed gravel has a specific gravity of 2.7 and a water absorption of 0.8%, while the river sand shows
values of 2.63 and 2.0%, respectively, all within the ASTM C128/C127 specified limits (<3% absorption). The aggregate
impact value of 24.81% for the washed gravel confirmed its adequate toughness for structural applications, meeting BS
812-112 standards (<30%). Bulk density measurements of 1451.11 kg/m? for the river sand and 1480.37 kg/m? for the
washed gravel met the ASTM C29/C29M requirements. Particle size distribution analysis (ASTM C136/C33) revealed both
aggregates to be well-graded within specified finer and coarser limits, as shown in Error! Reference source not found.
and Error! Reference source not found., further validating their suitability for quality concrete production and supporting
the reliability of the strength prediction models. Fisher’s F-test confirms that potential errors (including human errors,
laboratory conditions, and other sources) that may cause a difference between the laboratory results and the model
predictions are within 5%.
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Fig. 1: Particle Size Distribution Curve for Coarse Aggregate (Washed Gravel)
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Fig. 2: Particle Size Distribution Curve for Fine Aggregate (River sand)
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