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Article Info Abstract

Interlocking paving stones have been produced in most developing countries

Article history: with no specific method for testing the strength before use. This study presented

the mix ratio design assessment of interlocking paving stone strength properties
Received 20 Apr 2022 using both destructive and non-destructive methods. Six mix ratios were used to
Revised 01 Aug 2022 produce the interlocks and tests such as skid resistance, flexural strength,

Accepted 22 Aug 2022 compressive strength and rebound hammer were conducted on 7, 14, 28, 56 and
90 days. All the skid resistance tests had British Pendulum Number (BPN) values

Keywords: greater than 75 specified in Table NA.2 of BS 1338:2003, the interlocking paving

stone potential for skid is extremely low. The flexural strength was conducted
Interlocking Paving following IS 15658:2006 and the result ranges from 1.34 - 5.38 N/mm2. The
Stone; compressive strength result for the mix ratios ranges from 6.20 - 21.78 N/mm?2
Mix Ratio; and mix ratio 1:3 had the highest compressive strength of 19.34, 21.78 N/mm2
Strength; at 56 and 90 days respectively. Table 1 of IS 15658:2006 is used to classify the
Rebound Hammer paving stone for use in non-traffic areas based on the compressive strength

results. A correlation model was developed combining all the mix ratio average
rebound values and compressive strength, the regression equation was
produced and an accuracy test was performed to check the regression formula
estimates. This study validates the use of a rebound hammer as a non-
destructive method on interlocks to predict the compressive strength with 79 %
accuracy. Mix ratio 1:3, 1:2 is recommended for use in producing interlocks
based on higher compressive and flexural strength.

© 2023 MIM Research Group. All rights reserved.

1. Introduction

Cutting edge interlocking paving stones (IPS) are assuming an imperative role in our
transportation industry and construction world as a whole. Paving stones are answers for
outdoor application considering their quality, aesthetics and toughness, it is generally
favoured in any environmental condition and areas like pedestrian walkways, road surfaces,
yards and intersections among other types of pavement design (1-4). IPS requires high
compressive strength and efforts have been taken to increase the compressive strength of the
paving blocks. The IPS compressive strength can be investigated either by destructive means
using the compression testing machine or the non-destructive test means using several
methods like the rebound hammer, ultrasonic pulse velocity etc. (3). Paving stones have
numerous advantages over asphaltic and concrete pavement such as the engineering
durability properties, aesthetically pleasing surfaces, cost-effective maintenance and
economical characteristics (5). Like other types of pavements, the design of the IPS will
depend on the ecological, traffic movement, subgrade support and the IPS materials (6,7).
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Despite the good engineering properties that IPS possess, it can still fail in cracking, deflection
etc. when not properly produced following standard requirements and specification which
would need a lot of financial resources from the maintenance budget to replace the failed
interlocks. In Nigeria, IPS are used a great deal most especially in areas with high water tables
such as the Island areas of Lagos state. IPS are observed to be in their worst conditions after a
short period of usage due to factors like the poor condition of the manufacturing process,
inadequate sub-base, use of substandard materials, the wide profit margin on the part of the
manufacturers causing low quality, low water-cement ratio etc (3). Most of these factors exist
because there is no specific standard for the mix designs for IPS and also no specific method
to check the strength of IPS produced. Manufacturers in Nigeria resolve to batch by a range to
be produced from a bag of Cement. Quality/strength check of concrete is done with the use of
destructive tests and the advancement of non-destructive tests. The latter are the tests which
are carried out without impairing the present state of the structural element while the formal
causes total damage to the tested element. Some examples of non-destructive tests equipment
are the rebound hammer (8), Ultrasonic Pulse Velocity (9,10), Infrared thermography (11) etc

Being quick, cheap and non-destructive, the Schmidt rebound hammer test is a method used
for the assessment of concrete compressive strength in terms of surface rebound hardness in
buildings, rocks etc (12,13). The relationship between the rebound index and the compressive
strength of structural elements has relied in the past on empirical relationships using
regression analysis (14-19). Past researchers had reason to evaluate the concrete itself to
understand the uncertainties surrounding the rebound hammer testing method (15,18-20).
The standard process for testing and the association between concrete cube crushing and
strength rebound number was established by Indian standards (21). Several factors influence
the rebound values, such as the type of cement and aggregate used, the surface condition and
moisture content of the concrete, the age of the concrete, and the level of carbonation. The
compressive strength of 150mm standard cubes and the rebound number were developed
into a correlation, which was included with the device. However, as additional researchers
began to explore connections between strength and rebound number, it became clear that
strength and rebound number did not have a unique relationship (22). The current
recommended approach [18] depicts the strength connection using the same concrete and
shaping materials that will be utilized in the construction process. The rebound hammer is
only useful for identifying large changes in concrete quality throughout a structure if there is
no such association. Numerous researchers have worked on the comparison of compressive
strength and rebound hammer values for concrete (14,16-19,23-29). Only a few past works
on the comparison of compressive strength and rebound values have been done on IPS (30),
which only considered one mix ratio. This research work looked at the relationship between
the strengths and rebound values with different mix ratios in the production of IPS, creating a
strength template for the quality assessment of IPS with the use of a rebound hammer.

2. Materials and Methods
2.1. Materials

The materials for concrete mix used in the production of IPS for this research work are
Dangote 3X Grade 42.5R Portland cement, Quarry dust, Granite chippings, Potable water and
engine oil. In the manufacture of the IPS, cement is utilized as a binder. The Dangote 3X cement
was gotten in Omu-Aran, Kwara state Nigeria and manufactured by the Dangote group of
companies, Nigeria. The 3X depicts extra strength, extra life and extra yield. Dangote cement
contains a wide range of qualities that are equivalent to all varieties of cement. It had the
lowest proportion of CaO in its composition and the highest amount of Fe203 in its
composition. The Si02 percentage value corresponded to the Ordinary Cement of (31). The
Al203 composition of around 1% corresponded to type IV (32). The MgO and SiO2 values are
of type I and its CaO and SO3 percentage composition are of type IV of (32). It has the highest

230



Atoyebi et al. / Research on Engineering Structures & Materials 9(1) (2023) 229-242

proportion of uncombined lime, resulting in a low CaO. Its C3S and C3A belonged to type I of
(32) while its C2S and C4AF were type IV and type V, respectively, based on their mineralogical
composition (Table 1). C4AF was found to be low as a result of the substitution of ferric oxide
for alumina, resulting in a rise in C3A and a decrease in C4AF (33).

Table 1. Mineral percentage composition of dangote 3X portland cement
C3S (%) CaS (%) C3A (%) C4AF (%) Total Sum (Z) (%)
33.33 26.47 14.33 4.77 78.9

Quarry dust with fractions of 90 microns as fine aggregate in different mix ratios. The quarry
dust was gotten in Omu-Aran Kwara State, Nigeria. The chemical compositions of quarry dust
for this research are illustrated in table 2.

Table 2. Chemical composition of quarry dust

SiO2 Alz03 Fe203 Ca0 MgO Naz0 K20 TiO2 LOI
(%) (%) (%) (%) (%) (%) (%) (%) (%)
86.03 17.81 6.44 4.71 2.65 1.47 3.15 0.27 1.09

Granite chippings: Granite chippings with fractions 4-6mm, served as the coarse aggregate in
different mix ratios. Portable water for concrete mixing. Engine oil was used as a lubricant on
the internal surfaces of the interlock moulds for easy de-moulding of the stones. The interlock
moulds (double Tee design interlocking moulds) (figure 1). The depth of the double Tee design
interlocking moulds is 60mm which produces a paving stone of 221mmx137mmx60mm

| 137mm
41mm
26mm |
87mm 212mm
26mm |
41mm
" 85mm

Fig. 1 Double Tee design interlocking moulds

2.2. Experimental Design

Six (6) different mix proportions were considered based on the different sampling of
construction sites across the country, IPS manufacturers use different mix designs based on
personal gains and material availability. The mix proportions used in this research are borne
out of the objective to develop a defined mix proportion for IPS (Table 3). Quarry dust and
Granite chippings were varied and used as aggregates, the water-cement ratio of 0.8 was used
for the production. The material quantities measured by weight are presented in Table 3.

After mould lubrication, a mixture of cement, quarry dust, granite chippings and water were
placed in the moulds following the mix proportions. The cast interlocks were covered with
polythene and left for 24 hours at room temperature 20+5°C before being demoulded. The
interlocks were cured in water for 7, 14, 28, 56, and 90 days at a temperature of 20+5°C and
relative air humidity of (95 = 5) % to achieve acceptable strength before the physical and

231



Atoyebi et al. / Research on Engineering Structures & Materials 9(1) (2023) 229-242

mechanical tests were performed on the interlocks. A total number of 180 interlocking blocks
were produced and cured.

Table 3. Mix ratios and material proportions

Mix Ratios  Cement (kg) Quarry dust (kg)  Granite chippings (kg)  Water (kg)

1:4 13.91 64.93 - 11.13
1:3 17.39 60.87 - 13.91
1:2 23.19 54.11 - 18.55
1:1:2 17.39 40.58 32.61 13.91
1:2:4 9.94 46.38 37.27 7.95
1:1.5:3 12.65 44.27 35.58 10.12

2.3. Experimental Test Procedures

The specimens at the specific curing days were subjected to different tests namely
compressive strength test, flexural strength test, skid resistance and Schmidt rebound
hammer test. Experimental investigations of IPS on compression and flexure were conducted
on an ELE Compression machine with model no 36-3090/01 machine.

2.3.1. Compressive Strength Test

This is the ability of a material to withstand stress without failing determines its strength (34).
Failure due to cracking and disintegration is common to interlocks during compression (3).
The area (24400mm?2) and rate (25Kpa/sec) are set (Figure 2) when the machine is turned
on, and the machine's condition is examined. The paving stones are fed into the machine,
which subsequently crushes them.

Fig. 2 Compressive strength setup

2.3.2. Flexural Strength Test

The behaviour of materials subjected to basic bending loads is measured using this mechanical
testing method. To assess the link between bending stress and deflection, flexural testing
involves bending a material rather than pushing or pulling it (35,36). The paving stones and
steel rods representing the point loads are inserted into the machine using a predefined value
and condition for the machine.
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2.3.3. Schmidt Rebound Hammer

The Schmidt rebound hammer test was carried out on the IPS to determine the rebound
hammer values used to develop a correlation with the compressive strength to predict the
compressive strength of the interlocks. IPS were held in position by the compressive testing
machine under a fixed load of 7N/mm2 and measurements of the rebound hammer values
were done following BS 1881 (37). The hammer was held horizontally to test opposite sides
of the cube after which the values were recorded. An average of 10 readings was taken on each
test sample on points 25mm apart.

2.3.4. Skid Resistance Test

The skid-resistance test is used to verify the properties of concrete paving blocks and whether
a specific surface finish is suitable for use in anti-skid applications. Skid resistance can be
measured in two ways: static and dynamic. The British Pendulum Skid Resistance Tester is a
standard device for static measurements. Paving blocks of size 221mmx137mmx60mm were
tested (Figure 3). To perform the test, both dry and wet surface measurement is taken, The
shoe is rubbed against the surface as the pendulum is drawn back. The British Pendulum
Number (BPN) is a read scale reading on the machine depicting friction resistance.

L

Fig. 3 Skid resistance test setup

3. Result and Discussion

For the destructive tests, the Strength values of the IPS samples were recorded at the failure
point. The failure pattern for all samples is almost the same (Figure 4).

3.1. Skid Resistance Test

The skid Resistance test was carried out on the IPS following (38) to determine the British
Pendulum numbers. The results obtained on days 7, 14, 28, 56 and 90 are presented in table
4.

Table 4 shows the summary of the average British Pendulum numbers recorded after carrying
the skid resistance test in the laboratory on each curing day. Referring to the standard value
given in BS 1338, 2006 (38), the specimen potential for slip is extremely low with all the BPN
values greater than 75 specified in the code. On average, IPS samples with no granite chippings
gave better skid resistance results compared to the samples with granite chippings.
Comparing the skid resistance values in Table NA.2 of (39) with the results in Table 4, it can
be concluded that the interlock potential for slip is extremely low.
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Fig. 4 Strength tests failure mode

Table 4. Average British pendulum numbers

Mix 7 days 14 days 28 days 56 days 90 days
Ratios Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet
1:4 122.2 114 100 95.83 1198 110.8 118.7 110.2 105 99.8
1:3 ggg 122.7 111.2 135.5 1268 120.3 1083  122.7 111.2
1:2 EZ? 116.7 108.8 130.5 122.7 122.7 114.6 116.7 108.8
1:1:2 Egg 112.2 106.3 129 123.7 1335 126.7 112.2 106.3

1:2:4 124.3 117 111.2 106 128.5 1183 122.7 117 111.2 106
1:1.5:3 104.7 101 113.8 109.3 119.7 112.8 115 107.7 113.8 109.3

3.2. Rebound Hammer Test

A rebound hammer test was carried out on the IPS to determine the rebound hammer values.
The result obtained from the test at 7, 14, 28, 56 and 90 days are presented in table 5.

Table 5. Average rebound hammer values

Mix ratios 7 days 14 days 28 days 56 days 90 days
1:4 - 10.56 13.08 13.92 14.4
1:3 - 17.45 20.2 22.23 22.57
1:2 - 16.27 17.27 18.77 19.55

1:1:2 - 13.68 14.87 16.05 16.67
1:2:4 - 13.8 13.52 13.02 13.25
1:1.5:3 - 13.75 15.65 14.95 15.55

No rebound hammer value was recorded on the 7th day for all the samples because the
rebound hammer values could not be read from the equipment as the values were below the
scale reading of 10 on the equipment, this is due to the low strength which is attained after 7
days of curing. The control mix ratio 1:4 and 1:2:4 have the least rebound hammer values on
each curing day compared to other mix ratios. Mix ratios 1:3 and 1:2 have the highest average
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rebound values. The average rebound hammer values for the mix ratios with granite chippings
used as coarse aggregate is greater than the control mix on each curing day except for ratio
1:2:4 rebound hammer values that are lesser on the 56th and 90th day. The average rebound
hammer values increased on each curing day.

3.3. Flexural Strength Test

To determine the flexural strength of the IPS, a flexural strength test was performed. The
outcome at 7, 14, 28, 56 and 90 days are shown in table 6 and figure 5.

Table 6. Average flexural strength

Mix ratios 7 days 14 days 28 days 56 days 90 days

(N/mm?) (N/mm?) (N/mm?) (N/mm?) (N/mm?)
1:4 1.79 2.02 2.02 2.69 2.69
1:3 3.58 4.03 4.71 5.38 5.38
1:2 2.24 3.14 3.36 4.03 4.49
1:1:2 2.02 2.69 291 3.36 3.36
1:2:4 1.34 2.02 2.02 2.47 2.69
1:1.5:3 2.47 2.69 2.69 291 3.63

The flexural strength test was performed according to (40) and the average flexural strength
values are shown in Table 6, ranging from 1.34 - 5.38 N/mm2. All of the interlocks' flexural
strength increased with age, and the maximum flexural strengths were reached after 90 days.
In comparison to the control mix ratio and others, the mix ratios 1:3 and 1:2 had the maximum
flexural strength, indicating that they would be ideal for the construction of interlocks.

=)

E 5.38 5.38
£
35 471 4.49
= 4.03 4.03 3.63
94
g 3. 269 338 291 3.359 3.36
b3 2.47 2.69 2.69 2.6 - 2.6
- 2 24 2.4
§ 2.0

2
& 1.3
-
(=%
Gl I
<T
[+
Lo
< 7 DAYS 14 DAYS 28 DAYS 56 DAYS 90 DAYS
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m 1:4 (N/fmm?2) m1:2 (N/mm?2) 1:3 (N/mmz2)
1:2:4 (N/mm2) m1:1:2 (N/mm2) m 1:1.5:3 (N/mm2)

Fig. 5 Average flexural strength with age

The mix ratio with quarry dust had a flexural strength of 5.38 N/(mm)? (1:3), 4.49 N/(mm)?
(1:2) greater than the control mix flexural strength of 1:4 (2.69 N/(mm)?) on the 90th day
(Figure 6). All the mix ratios with granite chippings had a flexural strength of 3.36 N/(mm)?
(1:1:2), 3.63 N/(mm)? (1:1.5:3) greater than the flexural strength of the control mix 1:4 (2.69
N/(mm)?) except mix ratio 1:2:4 (2.69 N/(mm)?) that had the same value on the 90th day.

3.4. Compressive Strength Test

The compressive strength result obtained at 7 days, 14 days, 28 days, 56 days and 90 days are
shown below in table 7 and figure 7.
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Fig. 6 Average flexural strength with mix ratio

Table 7. Compressive strength result for the different mix ratios

Mix Ratios 7 days 14 days 28 days 56 days 90 days
(N/mm?) (N/mm?) (N/mm?) (N/mm?) (N/mm?)
1:4 6.20 8.29 9.02 11.23 11.38
1:3 10.37 17.7 16.59 19.34 21.78
1:2 10.92 12.72 15.63 17.71 18.25
1:1:2 10.44 13.75 16.2 16.44 17.40
1:2:4 7.85 11.67 11.55 12.57 13.02
1:1.5:3 12.25 12.77 15.62 17.02 17.30
25 21.78
20 16.59¢ 2 3* 1702 1828 Y,
15.6. 5.62
15 10.92 12.25 2.77
- 0.37 1p
G 10 6. .8
=
|'i|||| |I|]| ||II|| |“||] || “l
v
£5
22 7 DAYS 14 DAYS 28 DAYS 56 DAYS 90 DAYS
& AGE
s u1:4 (N/mm2) ® 1:2 (N/mm2) » 1:3 (N/mm2)
8 m1:2:4 (N/mm2) m1:1:2 (N/mm2) ™ 1:1.5:3 (N/mm2)

Fig. 7 Average compressive strength with age

The compressive strength test was carried out according to (38), and the average compressive
strength values are shown in Table 7, ranging from 6.20 to 21.78 N//(mm)?2. As seen in figure
8, the compressive strength of all interlocks increased with age, with maximum compressive
strengths reached on the 90th day. They are would be suitable for the construction of
interlocks for use in non-traffic areas based on the classification in Table 1 of (40). Mix ratio
1:3 had the highest compressive strength of 21.78 N//(mm)? and followed closely by (1:2)
with a compressive strength of 18.25 N//(mm)? compared to the control mix (1:4) with a
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compressive strength of 11.38 N//(mm)? on the 90th day. All the mix ratios with granite
chippings had compressive strength of 17.4 N//(mm)? (1:1:2), 13.02 N//(mm)? (1:2:4) and
17.3N//(mm)? (1:1.5:3) greater than the control mix strength of 11.38 N//(mm)? (1:4) on the
90th day,

25
21.78
18.25 17 5
20 17 7
15

(=}

COMPRESSIVE STRENGTH N/mm2
«

13.02 165"
: 16.2
11.38 111_,3-5 13. 121; 7
11.2 11.6 10.
| S 25'II' Ill I II‘ I]l |‘

1:4 (N/mm2) 1:2 (N/mm2) 1:3(N/mm2) 1:2:4 (N/mm2)1:1:2 (N/mm2) 1:15:3
MIX RATIOS (N/mm2)
m7DAYS E14DAYS m28DAYS m56DAYS m90DAYS

Fig. 8 Average compressive strength with mix ratio

3.5. Correlation Between Compressive Strength and Rebound Hammer Values

One of the objectives of this research work is to develop a correlation model to be used in the
fabrication yard and by Engineers on-site to predict the compressive strength of the interlocks
using the rebound hammer values gotten after carrying out a non-destructive test using the
Schmidt rebound hammer. The average rebound hammer values and the compressive
strength values recorded on the 14th, 28th, 56th and 90th day respectively shown in Table 8
were used to develop the correlation in Figure 9.

_.25

E Fc=0.96x - 0.50
~. 20 R*=0.79

=2

E

o 15

=

w

o

=10

w

=

-

w

o

s

S 0

o 0 5 10 15 20 25

REBOUND HAMMER VALUES

Fig. 9 Correlation graph between compressive strength and average rebound hammer
values
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Table 8. Compressive strength and average rebound hammer values

S/N Average Rebound Average Compressive Regression Formula
Hammer Values Strength Estimates
1 10.56 8.77 9.58
2 10.00 8.03 9.06
3 10.23 8.07 9.28
4 17.80 16.84 16.27
5 15.30 15.57 13.96
6 22.00 20.70 20.14
7 14.90 13.81 13.59
8 15.90 12.05 14.51
9 16.00 12.30 14.60
10 14.10 14.39 12.85
11 15.60 14.10 14.23
12 13.70 12.75 12.48
13 14.10 12.99 12.85
14 12.50 10.70 11.37
15 13.30 11.31 12.11
16 13.40 12.25 12.20
17 13.80 12.79 12.57
18 13.90 13.28 12.66
19 12.20 9.22 11.09
20 12.70 8.16 11.56
21 13.00 9.67 11.83
22 20.70 17.05 18.94
23 18.70 15.82 17.10
24 18.90 16.89 17.28
25 16.60 14.88 15.16
26 17.20 15.53 15.71
27 18.10 16.48 16.54
28 15.60 16.39 14.23
29 15.20 16.39 13.86
30 15.10 15.82 13.77
31 12.30 11.48 11.19
32 13.30 12.01 12.11
33 13.40 11.15 12.20
34 16.20 18.32 14.79
35 15.20 12.01 13.86
36 16.20 16.52 14.79
37 12.80 10.66 11.65
38 13.70 11.93 12.48
39 13.90 11.11 12.66
40 22.00 18.81 20.14
41 23.80 19.75 21.81
42 22.30 19.47 20.42
43 18.80 17.71 17.19
44 20.40 18.24 18.67
45 19.30 17.17 17.65
46 16.60 16.08 15.16
47 17.10 16.97 15.62
48 16.30 16.27 14.88
49 13.60 12.71 12.39
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Table 8 (Con). Compressive strength and average rebound hammer values

50 13.30 12.62 12.11
51 12.90 12.38 11.74
52 15.20 16.76 13.86
53 15.30 17.00 13.96
54 16.10 17.30 14.70
55 14.50 11.15 13.22
56 15.00 11.52 13.68
57 14.90 11.48 13.59
58 23.20 22.83 21.25
59 22.90 21.60 20.98
60 22.00 20.90 20.14
61 20.40 19.06 18.67
62 20.10 18.53 18.39
63 19.50 17.17 17.84
64 17.20 17.95 15.71
65 17.10 17.54 15.62
66 16.60 16.72 15.16
67 13.60 13.20 12.39
68 13.40 13.15 12.20
69 12.80 12.71 11.65
70 15.40 17.20 14.05
71 16.40 17.40 14.97
72 15.60 17.30 14.23

4. Conclusion

The study aims at evaluating the mix ratio design assessment of IPS using both destructive
and non-destructive methods. The following conclusions are based on the analyses and
discussions.

e For improved compressive and flexural strength, less material usage and reduced
cost of production, the use of mix ratios 1:3 and 1:2 are recommended for use in the
production of IPS with ratio 1:3 giving the best strength. However, in places where
granite chippings are readily available and the cost of production would not affect
profit, mix ratios 1:1:2 and 1:1.5:3 can be utilized for interlock production.

e The correlation model developed from this research should be utilized both on-site
and in the production yard for quality control of the interlocks after the production
stage to investigate the compressive strength by the quality control unit before
supply and usage of the interlocks.

e The following design strength for IPS is recommended;

Table 9. Recommended design strength for interlocks

Mix ratios Design strength (N/mm?)
1:4 10
1:2 17.5
1:3 20
1:1:2 16
1:2:4 12.5
1:1.5:3 17
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