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1 Introduction 

 
Associating earthquake requirements to structural capacity requires the capacity to be examined 

under circumstances closely resembling the dynamic conditions of the actual structure [1]. The shaking 

table test is a key approach to examining the structural behaviour and failure mechanisms of structures 

under such seismic loading conditions. These can be isolated structures, residential buildings,  hydraulic 

structures and structures equipped with energy dissipation devices [2]. Since the sixties, the test has 

been used in evaluating both the seismic and dynamic responses of civil engineering structures [3]. On 

the other hand, laboratories equipped with extremely high-load capacity facilities are required if the 

dynamic structural response of full-scale concrete structures under seismic loading conditions is to be 

evaluated.  Due to the limitations of such specialized laboratories and the high cost associated with both 

the use and getting rid of the examined specimens, engineers turn to employ scaled models to predict 

the prototype behaviour. At specific geometric scale factors, these scaled-down structural models 

represent a smart way to conduct dynamic loading experiments with minimal cost. The shaking table 

test using a scaled structure model is one of the most operative means to investigate buildings after 

taking into account the practical, economic and accurate sides of the experiments [4, 5]. The ideal scaled 

model can be achieved when it is geometrically like the prototype and utilize same materials of 

prototype, this model called “replica model”. If the model simulates the entire behaviour of the structural 

system as it is being loaded to failure, precise replication of the prototype concrete characteristic is 

essential. Owing to technical and physical reasons, it is sometimes unattainable to produce the replica 

model. Consequently, materials change and/or some deviations in the dimensions may occur during 

scale models’ construction. Models that are geometrically undistorted, compared with prototype, but 
constructed by utilizing different materials are termed dissimilar material model. Although replica is 

considered the most appropriate model, reaching a perfect match with full scale structures is difficult, 

making dissimilar material scale model the best alternative.  
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It is straight forward to derive the basic similitude relation from the dynamic equation i.e., Er /(gr 

ρr ) = lr . Where, Er, lr, ρr and gr indicate the similitude ratios of modulus elasticity, length, density and 
gravity acceleration, respectively. If the gravity acceleration g is not changed, and it should not be, then 

the equation becomes Er = lr ρr. From the equation, it is deduced that similar materials can be used for 
both the full and scaled model if and only if the length ratio is unity.  If the ratio is to be less than one, a 

material that is comparably heavier, less stiff or both must be used in the scaled model to provide 

concrete properties that will be appropriate with the similitude laws and the shaking table capacity.  

Selecting the model concrete is regarded as one of the most problematic steps in the construction 

process of a small-scale model. In general, four properties with specific values under short-term load 

must be possessed by a model concrete: ultimate compressive strength, ultimate compressive strain, 

secant modulus of elasticity and ultimate tensile strength [6, 7]. Various studies using micro-concrete 

have shown that satisfactory results can be attained if it is controlled properly [8-14]. In these studies, 

scaled-down models have strength smaller than the concrete strength of prototype to overcome the 

limitation of shaking table capacity. Nonetheless, neither mix proportions nor mix selection mechanisms 

are clarified in detail. This could be attributed to the minimal strength reductions needed in their work. It 

is worth mentioning that occasionally there is a need to achieve high reduction of strength to meet the 

similitude requirements. Besides, referring to the similitude relation above, it is obvious that the mass is 

directly proportional to strength.  

It has been shown that the characteristics of concrete change when automobile tyre chips are 

added to the concrete mix.  The compressive strength and modulus of elasticity of normal concrete is 

greater than that of rubberized concrete. The rate of strength reduction relies on the amount of rubber 

particles added to concrete [15-17]. It has been reported that rubberized concrete members possess 

higher deformability or ductility compared to those members made out of  made from normal concrete 

[18-21]. Furthermore, in rubberized concrete, the modulus of elasticity and strength are indirectly 

proportional to the rubber content.  The values of brittleness index of rubberized concrete are smaller 

than that of normal concrete, meaning that rubberized concrete has higher ductility performance in 

comparison to normal concrete [22].  

The replacement of crushed glass with one or more of the concrete compositions will also lead to 

a decrease in concrete strength. Glass is vulnerable to chemical attack under high alkali conditions, 

resulting from cement hydration in concrete. This is attributed to its amorphous structure and silica-rich 

nature. This chemical attack possibly produces changed extensive formation of ASR gel. The gel is 

expansive and may lead to premature cracking in the concrete if suitable precautions are not taken in 

the preparation of the concrete mix [23]. Consequently, low-strength concrete could be produced by 

replacing one of the concrete mix components by certain proportions of waste crushed glass. Terro [24] 

investigated the crushed glass replacement effect on the compressive strength of concrete within a 

range from 0% up to 100% of aggregate, the crushed glass of bottles was replaced with coarse 

aggregate, fine aggregate, coarse and fine aggregate. The result showed that the strength of concrete 

for all types of replacements started to decrease for the percentage beyond 25% of aggregate 

replacement. Ali & Al-Tersawy [25] stated that replacing fine aggregates with crushed waste glass 

(CWG) results in lower modulus of elasticity values. Moreover, increasing  CWG  replacement ratio 

brings about a reduction in the concrete modulus of elasticity [26]. Likewise, [27] showed that CWG 

content up to 20% has no effect on the modulus of elasticity of concrete. Conversely, higher replacement 

levels lead to a decrease in the modulus of elasticity.  

A series of low-strength mixes has been developed herein to provide alternative choices of normal 

micro-concrete. These substitutes can possibly be used as a reference for researchers whenever facing 

the carrying weight limitations of test instruments. Owing to the vital importance of aggregate type and 

gradation in achieving appropriately low-strength concrete, mixes were developed by replacing a 

specific portion of coarse aggregate with crushed rubber or crushed glass. In addition to the aggregate 

replacement, water-cement ratios for other mixes were increased as well. The compressive strength, 

tensile strength, modulus of elasticity and stress-strain curves of these developed micro-concrete mixes 

have been obtained to provide extensive information concerning the validity of using them for distorted 

scaled model.  
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2 Experimental works 
 
2.1 Concrete mixes 
 

Being a heterogeneous material makes it difficult to simulate concrete. This is due to the 

complexity of the numerous factors that affect the characteristics of the hardened concrete. 

Theoretically, aggregate size, pores size in the gel and voids size of the hardened concrete are all 

required to be scaled. While some of the above requirements are partially satisfied because of using 

small-size aggregate, cement particles cannot be scaled. In other words,  it is impossible to produce a 

precise simulation of a small-scale model concrete  [6]. Hence, the selection of model materials herein 

was done based on a practical (not theoretical) basis. The control mix developed from existing data of 

micro-concrete was conducted earlier at the University Technology Malaysia. After conducting several 

trial mixes, the control micro-concrete mix was designed to have a strength of 30 MPa at 28 days 

according to the British standards BS5328: Part 2: 1997 [28]. The first micro-concrete control mix (MCI) 

has a water/cement ratio of 0.42, 550 kg/m3 of ordinary Portland cement, 233 kg/m3 of fresh water, 511 

kg/m3 of fine aggregate and 1086 kg/m3 of coarse aggregate. The fine aggregate was washed river 

sand, passing from a sieve 2mm, and the particle size of the coarse aggregate ranged from 3 to 5 mm. 

The drive behind choosing such aggregate sizes was to allow even distribution of fresh concrete in 

congested reinforcement. To enhance both the mixture's workability and early hardening strength, 6.6 

kg/m3 (1.2% of cement powder) superplasticizer was added to the control micro concert mix. The 

second micro-concrete control mix, MCII, was produced by reducing the amount of control mix cement 

by 50%. The new mixes developed from the control mixes by replacing a specific percentage of coarse 

aggregate with either crushed rubber with a maximum particles size of 5mm or crushed glass with a 

maximum particles size of 4mm (see Fig. 1). These mixes were used to cast the test cylinders and are 

shown in Table 1 and Table 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1: Course materials (Left) aggregate (middle) crushed rubber (Right) crushed glass.  

 
 

Table 1: Micro-Concrete I and the driven mixes.  

Mix Cement (kg) Water (kg) Sand model (kg) Gravel model (kg) Material (kg) 

MCI 550 233 511 1086 / 

RMI  Rubber 

RM I (10%) 550 233 511 977.4 108.6 

RM I (20%) 550 233 511 868.8 217.2 

RM I (30%) 550 233 511 760.2 325.8 

RM I (40%) 550 233 511 651.6 434.4 

RM I (50%) 550 233 511 543 543 

CGM I  CG 

CGM I (25%) 550 233 511 814.5 271.5 

CGM I (50%) 550 233 511 543 543 

CGM I (75%) 550 233 511 271.5 814.5 
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Table 2: Micro-concrete II and the driven mixes.  
Mix Cement (kg) Water (kg) Sand model (kg) Gravel model (kg) Material (kg) 

MCII 275 233 511 1086 / 

RM II 
 

Rubber 

RM II (10%) 275 233 511 977.4 108.6 

RM II (20%) 275 233 511 868.8 217.2 

RM II (30%) 275 233 511 760.2 325.8 

RM II (40%) 275 233 511 651.6 434.4 

RM II (50%) 275 233 511 543 543 

CGM II 
 

CG 

CGM II (25%) 275 233 511 814.5 271.5 

CGM II (50%) 275 233 511 543 543 

CGM II (75%) 275 233 511 271.5 814.5 

 

2.2 Cylinders preparation and casting 
 

For each mix batch, 15 test cylinders were made: 6 for compressive tests, 6 for split tensile tests 

and 3 for stress-strain curve and Young’s modulus calculations. The cylinders used in the test were 
made according to ACI Committee 444 (1979) with recommended dimensions of 50×100 mm (2×4 in) 
and accepted as a standard for comparing different model micro-concrete mixes (Noor and Boswell, 

1992). For each mix shown in Tables 1 and 2, the dried constituents were mixed well manually using a 

small shovel and then the water and the admixture were added to the mix. The mixing was stopped after 

reaching uniform consistency. The mix was poured into PVC cylindrical moulds, which were prepared 

in advance. The cylinders were then filled in three layers, each new layer compacted by 25 strokes of a 

12 mm rod. After smoothing the upper surface of the concrete, the moulds were left undisturbed for 24-

48 hours depending on the mix type (see Fig. 2). Subsequently, the moulds were stripped, and the 

specimens were transferred to the water tank and kept immersed in water until about 1 hour before the 

beginning of the actual test, then each sample have been weighed to calculate the average density of 

each mix. To ensure constant temperature of 24 ± 2 °C, the water tanks was placed inside the laboratory 
until the test.  

 

 
 

Fig. 2: Micro-concrete cylinders casting.  
 

 

3.3 Instrumentation and loading 
 
3.3.1 Compressive strength test 
 

The compressive strength test was conducted in accordance with BS EN 12390-3:2009 [29]. Prior 

to testing, the samples were prepared, and the surface area of the concrete was elevated by grinding 

using a hand flat fill tool. A typical compressive strength testing machine was used to carry out the tests. 

A constant loading rate of 0.6 MPa per second was selected and applied until the failure of the specimen. 

See Figure 3. Despite being automatically generated by the machine, the following equation was used 

as well as to validate the tests’ outcomes: 
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𝑓𝑐𝑘  =𝐹/𝐴𝑐                                                                                                                                                               (1) 

 
where: 
ƒck = the compressive strength, in (MPa), F = the maximum load at failure, in (N) and Ac = the cross-
sectional area of the specimen, in (mm2). 

  

 
Fig. 3: Compressive strength test (left) prepared cylinders (right) testing machine.  

 
 

3.3.2 Tensile splitting strength 
 

An indirect tensile strength test was carried out in accordance with BS EN 12390-6:2009 [29]. 

Cylindrical-shaped test samples compliant with BS EN 12390-6:2009 were used in this test. A constant 

rate of stress within the range of 0.05 MPa/s was selected and applied until the specimen was split into 

two hemispheres. Fig. 4 shows the splitting tensile strength testing. The following equation was used to 

calculate the tensile splitting strength: 

 𝑓𝑠𝑡 = 2𝐹𝜋𝐿𝑑                                                                                                                                                                    (2) 

 
where: 
 ƒst = tensile splitting strength, in (MPa), F = maximum load at failure, in (N), L = length of the specimen, 
in (mm), d = cross-sectional dimension, in (mm). 

 
 

  

 
Fig. 4. Splitting tensile strength test.  

 
 

3.3.3 Modulus of elasticity 
 

This part deals with the deformation of concrete specimens under compressive loads to determine 

the elastic behaviour of Normal micro-concrete, rubberized micro-concrete and crushed glass micro-

concrete. The modulus of elasticity (E) is mathematically determined as the gradient of the line in the 
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reversible region of a stress-strain curve. The modulus of elasticity is significantly used in structural 

design. In fact, it represents the maximum allowable stress, before the material goes to the plastic zone, 

which is identified as permanent deformation. The elastic modulus of the materials determines the 

rigidity of the design structure. However, due to the nonlinearity of the strain-stress curve, the three 

types of modulus are defined using three methods. The “tangent modulus” is defined by the gradient of 

a tangent to the stress-strain curve, at whichever point on the curve. The second type of modulus of 

elasticity is “chord modulus.” The “secant modulus” is defined by the gradient of a line drawn from the 
origin to the point corresponding to 33% of ultimate strength according to BS 8110: Part 2 [30]. The 

secant modulus of elasticity was computed in accordance with BS 8110: Part 2 [30].  
Measuring strains in compressed concrete cylinders is a main difficulty. Glued strain gages extract 

only local information which may become pointless if a crack develops under the gage. Furthermore, 

this method is unproductive in studies in which a large number of samples is to be examined, owing to 

the high cost and large amount of preliminary work involved [31].  

Therefore, an omega gauge (Pi-type displacement transducer) with a length equal to half the test 

cylinder height was installed to measure the strain in the test cylinder (see Figure 5)  [32]. Furthermore, 

three samples were tested to insure reliability. The data logger, which was connected to the computer, 

monitored and recorded the applied load and their corresponding strain. The obtained modulus of 

elasticity is the average of three samples, where each sample was obtained using three cycling load 

processes. For each sample, a loading of up to one-third of ultimate load was applied, and then, the 

unloading was done at the same pace. Finally, the modulus of elasticity values was computed by using 

the following equation: 

 𝑬 = ∆𝝈∆𝜺                                                                                                                                                                      (3)  
 

where: 

Δσ: the variance in stress between a basic loading of 0.5 N/mm2 a higher loading level of 1/3 of the 
compressive strength of the micro-concrete, 

Δε: the variance in strain between a basic loading of 0.5 N/mm2 an upper loading level of 1/3 of the 
compressive strength of the micro-concrete. 

 

 

 

 

 

 
 

Fig. 5. Stress-strain test.  
 

 

4 Density of micro-concrete 
 

The density for all mixes at 28-day curing ages is shown in Tables 3, 4 and 5. The results reveal 

the decreasing tendency of the hardened density as the crushed glass ratio increases in comparison 

with controlled mixes. This is due to the lower density of glass aggregate if compared to that of natural 

sand. The density of MCI decreased by 1.5%, 3% and 4% for 25%, 50% and 75% glass replacement 

respectively. While the reduction of micro-concrete II density was 1.2%, 1.7% and 3% for 25%, 50% and 

75% glass replacement respectively.  

Regarding the replacement of Rubber, it is found that decreasing in density is higher than glass 

reduction where, the density was observed to be 5%, 8%, 14%, 17% and 19% for 10%, 20%, 30%, 40% 
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and 50% respectively for rubber replacement in MCI. It can also be observed that the reduction percent 

in the density of MCII due to the rubber replacement were 8%, 10%, 17%, 22% and 23% for 10%, 20%, 

30%, 40% and 50% respectively. The high reduction percent of density is a result of low density of 

rubber.  

 
Table 3: Summary of micro-concrete cylinder tests.  

Mix Micro-concrete I Micro-concrete II 

Density  (kg/m3) 2365 2234 

fck (avg.)  7 Days 35.5 13.1 

28 Days 37 17.3 

fst (avg .) 7 Days 2.2 1.7 

28 Days 4 2.6 

E (Gpa) 22.9 12.7 

ε @ fck  mm/mm 0.0024 0.0029 

fst/fck 7 Days 0.06 0.13 

28 Days 0.11 0.15 

 
 

5.2 Rubberized micro-concrete 
 

Table 4 shows the results obtained from testing cylinders of control mix I and (RMI and RMII). 

Compared to the Micro-concrete I, Table 4 shows that the strain of RM I mixes at maximum stress was 

increased where the strain was significantly increased with the increment of Rubber amount 

replacement. RMI mixes were much softer, as indicated by E in Table 4 and Fig. 6. The average split 

tensile strength was decreased. In terms of the ratio of fst to fck, RM I had a higher ratio than the control 

specimen while, RMI mixes had a tensile strength lower than the micro-concrete I.  

On the other hand, the control mix II and RMII properties results which are obtained from the 

same sized cylinders mentioned above are shown in Table 4. The data show that the compressive 

strength, splitting tensile strength test, and modulus of elasticity of control mix II were decreased when 

the coarse aggregate was replaced with rubber. The value of strength relatively decreased with the 

increasing of rubber proportion replacement of coarse aggregate. However, the fst to fck ratio of RMII 

was higher than control mix II.  

 

  

 

Fig. 6 Stress-strain curves of (a) RM I mixes, (b) RM II mixes.  
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Fig. 7: Stress-strain curves of (a) CGM I mixes (b) CGM II mixes.  

 
 

5.3 Crushed glass micro-concrete 
 

The compressive stress-strain curves and basic properties of crushed glass micro-concrete are 

presented in Fig. 7and Table 5 respectively. The average split compressive strength and tensile strength 

of CGM mixes were decreased compared to the normal micro-concrete when the glass was used for 

coarse aggregate replacement. The ratio of fst/fck CGMI is same to that for Micro-concrete I, while the 

ratio was increased for the CGMII.  

 

Table 4: Summary of rubberized micro-concrete cylinder tests.  

 
 

Table 5: Summary of crushed glass microconcrete cylinder tests.  
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Mix Density 

(kg/m3) 

fck (avg.)  fst (avg .) E (Gpa) ε @ fck  
mm/mm 

fst/fck 

7 Days 28 Days 7 Days 28 Days 7 Days 28 Days 

Microconcrete I 2365 35.5 37.0 2.2 4.0 22.9 0.0024 0.06 0.11 

RM I 10% 2243 15.4 21.3 1.9 2.8 6.1 0.0053 0.12 0.13 

RM I 20% 2170 13.9 15.1 1.8 1.9 5.5 0.0065 0.13 0.13 

RM I 30% 2025 9.1 10.1 1.7 1.3 2.3 0.0098 0.19 0.13 

RM I 40% 1962 5.1 6.4 1.1 1.3 0.8 0.0252 0.22 0.20 

RM I 50% 1910 4.5 4.1 0.8 1.0 0.5 0.0297 0.19 0.25 

Microconcrete II 2234 13.1 17.3 1.7 2.6 12.7 0.0029 0.13 0.15 

RM II 10% 2052 6.6 7.6 1.1 1.4 6.8 0.0129 0.17 0.19 

RM II 20% 2009 3.3 3.8 0.8 0.9 4.1 0.0156 0.25 0.23 

RM II 30% 1847 1.7 2.1 0.5 0.6 1.3 0.0157 0.27 0.27 

RM II 40% 1741 1.0 1.0 0.2 0.3 0.5 0.0182 0.16 0.27 

RM II 50% 1720 0.8 0.8 0.2 0.3 0.3 0.0213 0.23 0.37 

Mix Density 
(kg/m3) 

fck (avg.)  fst (avg .) E (Gpa) ε @ fck  
mm/mm 

fst/fck 

7 Days 28 
Days 

7 Days 28 
Days 

7 Days 28 
Days 

Micro-concreteI 2365 35.5 37.0 2.2 4.0 22.9 0.0024 0.06 0.11 

CGMI 25% 2329 30.3 33.5 2.4 3.6 20.2 0.0033 0.08 0.11 

CGMI 50% 2296 26.9 27.3 1.9 3.4 18.8 0.0032 0.07 0.12 

CGMI 75% 2269 23.8 25.2 1.9 3.0 14.3 0.0034 0.08 0.12 

Micro-concreteII 2234 13.1 17.3 1.7 2.6 12.7 0.0029 0.13 0.15 

CGMII 25% 2207 9.3 10.1 1.6 2.2 10.8 0.0036 0.18 0.22 

CGMII 50% 2197 7.3 8.1 1.3 1.8 8.1 0.0033 0.18 0.22 

CGMII 75% 2166 6.6 6.2 1.0 1.3 6.2 0.0037 0.16 0.21 
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5.3 Crushed glass micro-concrete 
 

The compressive stress-strain curves and basic properties of crushed glass micro-concrete are 

presented in Fig. 8 and Table 5 respectively. The average split compressive strength and tensile 

strength of CGM mixes were decreased compared to the normal micro-concrete when the glass was 

used for coarse aggregate replacement. The ratio of fst/fck CGMI is same to that for Micro-concrete I, 

while the ratio was increased for the CGMII.  

 

6 Conclusion 
 

The data presented in this paper concluded that by reducing the cement content of the normal 

micro-concrete mix to the half, the compressive strength, splitting tensile strength and modulus of 

elasticity were reduced by about 50% and the ultimate compressive strain was slightly increased. On 

the other hand, the replacing of the coarse aggregate with crushed rubber reduces the compressive 

strength, splitting tensile strength, and modulus of elasticity of normal micro-concrete,  and this reduction 

was increasing simultaneously with the increasing the replacement proportion while the ultimate 

compressive strain becomes higher. The glass replacement produced a low reduction in the 

compressive strength, tensile strength and Young’s modulus compared to the rubber replacement. 

Furthermore, it is showed a slight reduction in the density of micro-concrete in comparison with the 

rubber replacement.  
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