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Abstract 
 

With the expansion of the construction industry, quick onsite assessment of in-place concrete quality and 

estimation of concrete strength are becoming essential. Ultrasonic Pulse Velocity (UPV) offers greater depth 

penetration and accuracy in detecting internal flaws compared to surface-based methods like rebound hammer 

tests. The purpose of this study was to determine the effects of different parameters, such as water-to-cement 

(w/c) ratio and coarse aggregate size, on the UPV values of concrete made with brick aggregate, and to develop a 

correlation between the UPV value and the compressive strength of brick chips concrete. Three different w/c 

ratios (0.35, 0.40 and 0.45) and two different aggregate sizes (4.75 mm to 12.5 mm and 12.5mm to 25mm) were 

considered in this study. Test results show that the UPV values decreased with the increase in w/c ratios and 

reduction in coarse aggregate size. Using the measured UPV and compressive strength values, an empirical 

equation was proposed using w/c ratio and fineness modulus as input parameters, which showed good statistical 

accuracy. The proposed equation can be useful for quick onsite evaluation of compressive strength of structures 

constructed with brick chips concrete.  
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1 Introduction 
 

Concrete is a widely used building material composed of fine and coarse aggregates bonded by cement. The 

compressive strength is the most important parameter of concrete in the design and evaluation of concrete 

structures. The methods that are reliable to determine the compressive strength of concrete are destructive, where 

concrete cylinders collected during the casting or concrete core samples collected from an already built structure 

are broken to determine their strength. However, non-destructive testing of concrete is sometimes required when 

concrete cylinders were not tested during the construction phase or when it is not possible to collect core samples 

from the already built structure due to safety concerns. Non-destructive test methods include probe penetration 

(ASTM C803/C803M-18), rebound hammer method (ASTM C805/C805M-25), ultrasonic pulse velocity 

measurement (ASTM C597-22), radioactive methods, etc. Among them, the UPV method provides a quick 

assessment of concrete uniformity, the estimation of strength and early detection of structural anomalies. 

Advancement of this technology will enable engineers to make informed decisions regarding the maintenance, 

repair, and rehabilitation of concrete structures. 

Studies show that the concrete strength depends on various factors such as w/c ratio, types of coarse aggregate, 

size of coarse and fine aggregates, angularity and roughness of aggregates, admixtures used, aggregate gradation, 

cement quality, workmanship, etc. In general, an increase in the water-to-cement (w/c) ratio leads to a reduction 

in the compressive strength of both lightweight and normal-weight concrete. (Malaiskein et. al., 2017). Also, 

replacing brick aggregate with an increasing proportion of stone aggregate gradually increases the strength of 

concrete (Rashid et. al., 2012). However, the nominal maximum aggregate size has a significant effect on the 

compressive strength of concrete, though previous studies did not make any conclusive pattern. Some researchers 

stated that the corresponding compressive strength decreases with the increase of maximum nominal aggregate 

size (Jin et. al, 2021) while others stated the opposite for natural quartz aggregate (Abed et. al., 2022). However, 

this complex behavior is also seen in a study that used brick as a constituent material. They concluded that in 

lower cement content, the compressive strength increases with the increase of maximum aggregate size for a 

certain limit (up to 37.5 mm). After that limit, the compressive strength decreases irrespective of the variation in 

s/a ratio. However, in higher cement content, the compressive strength decreases with the increase of nominal 

maximum aggregate size, irrespective of the change in s/a ratio or w/c ratio.  (Uddin et. al, 2017).  

The parameters mentioned above also significantly affect the UPV value. Higher w/c ratios create more porosity 

in concrete, resulting in reduced pulse velocity (Lafhaj et. al., 2006). Concrete maturity also strongly correlates 

with UPV. The UPV values increase rapidly during the early curing phase (7-28 Days) (Neville, 1987). 

Researchers tried to establish the correlation of UPV value with compressive strength. Some researchers 
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established the correlation of compressive strength with UPV value for a constant w/c ratio (Lawson et al., 

2011), while others established the correlation of compressive strength with UPV value for a specific project 

(N.V. Mahure, 2011). However, a comprehensive study that incorporates various factors, such as the water-to-

cement (W/C) ratio and coarse aggregate size, into the correlation equation is still required for quick in-situ 

strength determination. In most old buildings of Bangladesh, brick chips were commonly employed as 

constituent construction materials. Therefore, developing a generalized predictive equation that considers these 

factors for the strength determination of concrete made with brick aggregate is the purpose of this study. 
 

2 Research Significance 

 

This study demonstrates UPV as an effective non-destructive method for assessing concrete quality and 

predicting compressive strength of brick chips concrete. By developing a predictive equation for brick chips 

concrete, which is a very common construction material in the rural areas of Bangladesh, it offers practical tools 

for quick onsite evaluation of the concrete compressive strength of already built structures. The findings can 

contribute to construction quality control, especially in resource-constrained or field-based environments. 
 

3 Experimental Program 
 

The experimental program included preparation of cylindrical and cubic specimens from six different concrete 

mixes by varying the w/c ratios (0.35, 0.40, and 0.45) and using two different coarse aggregate size distributions: 

4.75 mm to 12.5 mm and 12.5 mm to 25 mm. First, UPV values of prepared specimens were measured, and then 

compressive strengths of the specimens were determined by crushing them. The properties of the constituent 

materials, mix proportions and test procedures are described in the following sections. 
 

3.1 Constituent Materials 

In this study, CEM-I (Ordinary Portland) cement was used. The composition of the cement conformed to the 

BDS EN 197-1:2003. Locally available well graded brick chips were sieved into two different sizes - 4.75 mm to 

12.5 mm and 12.5 mm to 25.4 mm (see Figure 1a and 1b). Sylhet sand with a nominal maximum grain size of 

4.75 mm was used as fine aggregate (see Figure 1c). The sieve analysis of both coarse and fine aggregates was 

done in accordance with ASTM C136-19. The gradation curve of the aggregates is shown in Figure 2. The 

properties of the aggregates determined by the relevant ASTM standards are shown in Table 1. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 1. Aggregate used in this study: (a) Brick Chips (12.5 mm – 25.4 mm) (b) Brick Chips (4.75 mm – 12.5 

mm) (c) Sand 

 
(a) 

 
(b) 
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(c) 

 

Figure 2. Gradation Curves of Aggregates: (a) Brick Chips (12.5 mm – 25.4 mm), (b) Brick Chips (4.75 mm – 

12.5 mm), and (c) Sand 

 

Table 1. Properties of the Aggregates 

 

Material 

Bulk Specific 

Gravity (SSD 

Basis) 

Water 

Absorption 

(%) 

Unit 

Weight 

(kg/m3) 

Fineness 

Modulus 

(FM) 

Brick Chips (12.5 mm- 25.4 mm) 2.02 12.80 1001.8 7.37 

Brick Chips(4.75 mm - 12.5 mm) 2.04 15.67 982.1 6.24 

Sand 2.63 0.81 1578.6 3.39 

 

3.2 Mix Proportions 

A total of six (6) concrete mixes were prepared by varying the water-cement (w/c) ratios and coarse aggregate 

sizes. The mixes were designated by WXSY, where ‘X’ indicates the value of the w/c ratio in percentage and ‘Y’ 

indicates the maximum nominal coarse aggregate size in mm. For example, W35S25 denotes w/c ratio as 0.35 

where brick chips of 12.5mm – 25.4 mm were used as coarse aggregate. The amounts of materials per cubic 

meter of concrete are presented in Table 2. 

  

Table 2. Amount of materials used per cubic meter of concrete 

 

Batch Name 
w/c 

ratio 

Nominal 

Aggregate Size 
Water (kg) 

Cement 

(kg) 

Coarse 

Aggregate 

(kg) 

Fine 

Aggregate 

(kg) 

W35S25 0.35 12.5 mm - 25.4 mm 157.5 450 600 920 

W35S12.5 0.35 4.75 mm – 12.5 mm 157.5 450 600 920 

W40S25 0.40 12.5 mm - 25.4 mm 157.5 394 640 920 

W40S12.5 0.40 4.75 mm – 12.5 mm 157.5 394 640 920 

W45S25 0.45 12.5 mm - 25.4 mm 157.5 350 680 920 

W45S12.5 0.45 4.75 mm – 12.5 mm 157.5 350 680 920 

3.3 Specimen Details 

For each batch, 16 cylinder and 3 cube specimens were prepared. The cylindrical specimens were 100 mm in 

diameter and 200 mm in height. The cube specimens were 150 mm in size. The casting and curing procedure was 

done following the ASTM C31-19 standard. 

 

3.4 Testing Procedures 

The UPV test and the compressive strength test were carried out for cylindrical and cube specimens after 28 days 

of curing. First, the UPV test was carried out according to ASTM C597-22. For the cylindrical specimens, one 

direct UPV value was determined per specimen. However, for the cube specimens, the direct UPV values were 

determined in all three faces, and the average UPV value was taken as the UPV value of the cube specimen. 

Then, the compressive strength of the cylindrical and cubic specimens was determined according to the 

procedure described in ASTM C39 and BS EN 12390-3: 2019. 
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4. Results and Discussion 

 

4.1 UPV and Compressive Strength Values for Different Mixes 

The average UPV value of 05 cylinder specimens was taken as the UPV value of a mix, whereas the average 

UPV value of 03 cube samples was considered as the UPV value of the mix. The average UPV value of different 

batches is shown in Figure 3. The figure shows that the cube specimens exhibited slightly higher UPV values 

compared to the cylinder specimens. The increase ranged from 0.9% to 3.4%. A detailed discussion of the effect 

of each control parameter follows in the subsequent sections. 

 

 
(a)  

 
(b) 

 

Figure 3: Average UPV Values for Different Mixes (a) Cylinder Specimens (b) Cube Specimen 

 

 
(a)  

 
(b) 

 

Figure 4: Average Compressive Strength Values for Different Mixes (a) Cylinder Specimens (b) Cube Specimen 

 

4.2 Effect of W/C Ratio on UPV Value 

Figure 3 shows that the UPV values decreased with the increase of the w/c ratio. Similar trends were observed 

for both cylindrical and cube specimens, and also for different coarse aggregate sizes. The only exception is that 

the mix W40S12.5 showed lower UPV values than the W45S12.5. The figure shows that the UPV values 

decreased by 1.5% (on average) for the cylindrical specimens and 2.25% (on average) for the cube specimens 

when the w/c ratio decreased by 5% for the aggregate size of 12.5-25.4 mm. For the aggregate size of 4.75-12.5 

mm, the decrease in UPV was around 1% for a reduction in w/c ratio of 5%. 

 

4.3 Effect of Aggregate Size on UPV Value 

Figure 3 shows that the UPV values decreased with the decrease in aggregate size. Similar trends were observed 

for both cylindrical and cube specimens, and also for different w/c ratios. The figure shows that the UPV values 

decreased by 2% (on average) for the cylindrical specimens and 3% (on average) for the cube specimens when 

aggregate size 4.75-12.5 mm was used instead of the aggregate size 12.5-25.4 mm.   

 

 

5 Relationship between Compressive Strength and UPV Value 

 

The primary objective of establishing the correlation between compressive strength and UPV is to enable the 

estimation of in-situ concrete strength through a generalized predictive equation. In this research, a non-linear 
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equation was proposed to predict the compressive strength from the UPV value of brick chips concrete. As 

discussed before, the UPV values are affected by the w/c ratio and coarse aggregate size. Therefore, the 

independent variables considered for developing the equation were w/c ratio and fineness modulus of coarse 

aggregate. The visual representation of the comparison is shown in Figure 5, and the corresponding regression 

equations along with their R2, RMSE and nRMSE values are presented in Table 3. The R2 value is 0.73. From 

the RMSE value, it is seen that the observed value may deviate on average by ±2.2 MPa from the predicted 

value. Also, the nRMSE value is close to 5%, which indicates a good accuracy of the developed model. 

 

Table 3: Developed Equation to predict Compressive Strength of Brick Chips Concrete 

 

Predictive Equation 

Compared to Actual 

Compressive Strength 

R² RMSE 
nRMSE 

(%) 
4.60.125.021'

c 107.2 cbaf = −−  0.73 2.2 5.8 

 

where, fc’= Predicted Average Compressive Strength (in MPa), a = water to cement ratio, b= Fineness Modulus 

and c= Ultrasonic Pulse Velocity (in ms-1). 

 

 
 

Figure 5: Actual vs Predicted Compressive Strength for Brick Aggregate 

 

 

 

6 Conclusion  
 

This study presented the effects of different parameters, such as w/c ratio and coarse aggregate size, on the ultrasonic pulse 

velocity value of concrete made with brick chips. Three different w/c ratios (0.35, 0.40 and 0.45) and two different aggregate 

sizes (4.75 mm to 12.5 mm and 12.5mm to 25mm) were considered in this study. The test results show that the UPV values 

decreased with the increase in w/c ratios, and concrete made with relatively coarser coarse aggregates exhibited higher UPV 

values.  

An empirical equation was proposed using the measured UPV and compressive strength values. The w/c ratio and fineness 

modulus were used as input parameters. The proposed equation showed good statistical accuracy. 

In the Bangladesh context, brick chips were widely used as a construction material in the past and are also presently used in 

rural areas. Therefore, the proposed equation holds significant practical relevance for engineering applications in this region. 

This equation can be particularly useful for the assessment of old buildings, as well as for applications in rural construction.  
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