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Abstract – The application of small-sized metal fillers (SMF) 

provides a combination of high bulk density, increased durability 

and ferromagnetic properties of composite materials on the 

cement basis. However, the total strength of the composite can be 

compromised by poor adhesion of metal particles with the 

cement matrix.  The use of versatile additives like microsilica and 

metakaolin is able to improve the structural integrity and 

mechanical properties of heavy concretes. The paper considers 

the results of a study using specimens of heavy concretes with 

SMF aiming to estimate its strength, structural features and 

ultrasonic parameters. It was found that the contact of SMF 

particles with the cement was not perfect, since the voids 

appeared between them and the cement matrix during the 

cement hydration process (exothermal reaction). Due to the 

border porosity, the specimens with the metal fillers have lower 

compressive strength, lower ultrasound velocity and increased 

frequency slope of attenuation. Microsilica and metakaolin 

additives facilitate better contact zone between the cement matrix 

and metal fillers.       

 

Keywords – Additives, metal fillers, metal-cement composites, 

strength, ultrasonic testing. 

 

I. INTRODUCTION 

Heavy concretes (HC) with a density of 4 g/cm3 and above 

[1] are used for the manufacture of ballasts and preloads in 

seaport construction, for floating oil and gas platforms, safety 

elements of subsea pipelines, soil stabilization, protection 

from electromagnetic exposure, etc. Metalworking waste 

products can be used as the metallic fillers in HC to provide 

high density and high wear resistance. High barrier properties 

against electromagnetic fields in HC are obtained by 

introduction of special fillers with high content of iron (35 % –

70 %), such as barite, ilmenite, magnetite and hematite [2]. 

Particularly heavy concretes with a density of more than 

5.0 g/cm3 intended for protection against radioactive and 

electromagnetic interference [3] contain metal slag with 

chromium and lead, as well as ferrochrome, ferrosilicon, ferro-

phosphorus and boron containing materials. 

Due to the high cost of HC products with natural 

aggregates, the use of metal waste is of increasing interest. 

The rational use of metal waste is also an important area of the 

environment protection. Research of new building materials 

with iron waste, in particular, perforated steel tape, percussion 

caps, dust waste from filters and metal powders [4–6] have 

shown the feasibility of its use in HC. Portland cement, 

pozzolan, slag and aluminate cements can be used as a binder 

[7]. Positive factors are low price, the possibility of effective 

utilization, as well as obtaining products with new properties. 

However, the use of waste results in deterioration of material 

quality in some cases. In this regard, it is necessary to develop 

the optimum compositions of HC and control the properties by 

versatile techniques. 

Metal-cement composites with small-sized metal fillers 

(SMF) have a high wear resistance, high temperature 

resistance and low shrinkage. However, it is difficult to fully 

eliminate the shrinkage and cracking on the boundary of 

cement and metal fillers [7]. In addition, SMF presents work 

complications because of difficulties to mix and to lay, as well 

as due to the problems of lamination of the concrete mix. 

Different types of SMF were considered [8]. SMF partially 

replace sand and effectively increase density [8]. However the 

increase of SMF content in concrete reduces the concrete’s 

strength and the sediment cone. Presumably, total strength of 

the composite may be reduced because of poor adhesion of 

metal with cement. To increase the strength by improving the 

quality of contact zone of fillers with cement matrix, special 

additives including those at nano-scale, such as superplasticizers, 

silica fume, metakaolin, microsilica should be used [6].  

Mechanical properties of composite materials can be 

evaluated non-destructively [9]. In particular, ultrasonic 

measurements can be effective to assess presence of pores, 

accumulation of micro-defects and uniformity of volume. 

Recent studies showed that not only ultrasound velocity, but 

other ultrasonic parameters such as quality factor can be 

sensitive in revealing accumulation of micro-cracks in 
 

TABLE I 

COMPOSITION OF CONCRETE SPECIMENS 
 

Type of concrete Components  given in weight parts (PC – Portland cement, G-gravel, SMF – small-sized metal fillers, W/C –water-to-

cement ratio, MS, MK, SP, N – additives (see in text)) 

PC G Sand MS MK SMF SP N W/C 

K 

KMP 

KS 

KSMK 

MN 

1.0 

1.0 

1.0 

1.0 

1.0 

3.95 

1.00 

1.00 

1.65 

0.65 

0.47 

0.28 

1.65 
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concretes [10]. Meanwhile, there is a lack of such data on HC 

with SMF. 

The aim of this study was to evaluate the effect of SMF and 

several additives on the strength of HC specimens, as well as 

to evaluate the usefulness of ultrasonic measurements to 

control HC properties by a non-destructive way. The images 

obtained by optical microscopy should show the specific 

fracture surfaces of specimens of different composition and 

adhesion of SMF with the cement matrix. 

II. MATERIALS AND METHODS 

SMF in HC specimens were steel waste from stamping 

driving chains in the company JSC “DITTON Driving Chain 

Factory” (Latvia). SMF had the shape of a disk with a 

diameter of 3.0 mm – 5.8 mm, a height of 1.03 mm – 2.3 mm 

and a density of 7.8 g/cm3. Portland cement CEM I 42.5 N 

(PC) was used to make the mixture. The additives were 

microsilica (MS), metakaolin (MK), nano-microsilica (N), the 

additive MS (RW-Fuller, RW-Silicium) comprising SiO2 

(98 %) and Fe2O3 (up to 0.05 %), the additive MK (Centrilit 

NC, Bauchemie), where SiO2 content was not less than 50 % 

and Al2O3 – not more than 45 %, the additive N with SiO2 not 

less than 99.9 % with a mean particle diameter of 12 nm. For 

the preparation of concrete mix, large filler (gravel fraction 

4/8) and small filler (sand fraction 0/4) and superplasticizer 

(SP) (Glenium 440, BASF) were used. The composition of the 

HC specimens is shown in Table I. 

Concrete mixtures were prepared in a planetary mixer and 

kept for 1 day in molds at a temperature of 20 °C ± 2 °C and a 

humidity 95 % ± 5 %, and further under ambient conditions at 

a temperature 20 °C ± 2 °C and a humidity 65 % ± 5 % in 

order to avoid corrosion of SMF. The composition of K group 

(concrete without SMF) was prepared for comparison with the 

compositions KMP, KS, KSMK, and MN, where gravel and 

sand have been partially replaced by SMF, S, MK and N.  

Specimens were sized 40 mm x 40 mm x 40 mm. This 

relatively small size of specimens was caused by deficiency of 

additives amounts for all specimens, on the one hand, and 

permissible ratio of the greatest filler equal to 45.8 mm to the 

overall size of the specimen to be ~1:7. Tests were conducted 

at the age of 7 days, 28 days and 6 months. Number of 

specimens in each group was 4 for final ultrasonic and 

strength examination and 12 accounting intermediate tests on 

the 7th and 28th days. 

Ultrasonic (US) testing of samples was carried out in 6 

months after manufacture. US measurements were performed 

by through transmission with coaxial positioning of the 

emitting and receiving transducers (Fig. 1). The data 

acquisition unit comprised a waveform generation unit (140 V 

p-t-p) and a receiving amplifier/digitizer (30 MHz sampling 

rate, 10-bit). The measurements were made in 3 locations by 

the height of the specimens, where the top and bottom of the 

specimens were determined by the position during the 

hardening and in two 2 planes as shown in Fig. 1. Two 

ultrasonic characteristics were determined: velocity of 

propagation of bulk longitudinal waves and frequency 

attenuation coefficient. 

Ultrasound velocity was measured by means of a pair of 

transducers with piezoelectric elements of the plate type at a 

frequency of 300 kHz, emitting and receiving ultrasound by 

the edges of the plates with the contact surface of 

18 mm x 1 mm, oriented horizontally. The excitation pulse 

contained 2 periods of sine, enclosed in the envelope of the 

Gaussian function. US velocity was calculated by the formula: 

C = L / (t − dt), where L is the width of the specimen at the 

measurement place, t is the time-of-flight of US pulse, dt is the 

transducer’s constant sensors, defined on the zero base.  

Frequency attenuation coefficient () was determined by 

the results of the spectral processing of frequency sweeping 

signals in a range from 100 kHz to 600 kHz (total length of 

sweep was 0.5 ms) as the ratio of ultrasonic attenuation at low 

and high frequencies. The sweep signals were received by a 

pair of broadband transducers having multiple operating 

frequencies expressed in the mentioned range. Processing of 

sweep signals and determining  included the following steps: 

a) construction of the frequency spectra of the sweep signals 

using the fast Fourier transform; b) normalization of the 

spectra by the amplitude-frequency characteristic of the 

transducers in a reference liquid with low attenuation (distilled 

water); c) measurement of the amplitude of normalized 

spectrum at 6 selected frequencies from 100 kHz to 600 kHz 

with a 100 kHz step; g) calculation the coefficient  as the 

ratio of the amplitudes sum at low frequencies (100 kHz –

300 kHz) to the same at high frequencies) (400 kHz –

 600 kHz):  = AN(1,2,3) / AN(4,5,6), wherein AN(1,2,3) and AN(4,5,6) 

are the amplitudes sums at 100 kHz, 200 kHz, 300 kHz and 

Fig. 1. Illustrations of US testing: directions of through transmission (left); application of transducers (middle) and acquisition setup (right). 
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400 kHz, 500 kHz, 600 kHz, correspondingly. Thus, the 

higher is , the stronger is ultrasound attenuation at high 

frequencies in relation to attenuation at low frequencies. In our 

case, coefficient  is a dimensionless value. 

Reproducibility of US measurements was within ±30 m/s –

 40 m/s for ultrasound velocity and within ±1.2 – 0.7 for  as 

measured by the standard deviation in repeated measurements 

(n = 12) in the same point during removal and restoration of 

acoustic contact.  

The compression strength was defined according to the 

requirements of the standard LVS EN 12390-3:2009 using 

press testing machine “Controls” 50-C56G2. The specimens 

were loaded with a constant speed within the range from 

0.2 MPa/s to 1.0 MPa/s until the maximum force was achieved 

before the specimen’s failure. The compression strength was 

calculated as the ratio of the maximum force to the specimen’s 

cross-sectional area multiplied by a scaling coefficient.  

To evaluate the quality of SMF adhesion with cement in 

fracture surfaces of specimens of different composition an 

optical microscope Keyence VHX 2000 was used. This 

computer controlled microscope is equipped with a camera 

with a resolution of 54 megapixels and moved in x, y, z axes. 

The specimens were first tested for compressive strength and 

then fracture surface characteristics were studied at 500-fold 

magnification. The surface topography and the size of voids 

were assessed using two-dimensional (2D) images, and the 

relief of the fracture surfaces was quantified by three-

dimensional (3D) images, in which different heights were 

coded by color. 

III. RESULTS AND DISCUSSION 

The results of compression tests at the specimens’ age of  

7 days (Fig. 2) revealed lower compressive strength to 20 %–

30 % in concretes with SMF additives (KMP, MN, KS) 

comparing to control group K. Meanwhile, the combined use 

of additives MS and MK allowed achieving higher strength of 

40 MPa that 7 MPa exceeds the strength of the specimens of K 

group. At the age of 28 days, HC specimens of compositions. 

KS and KSMK with MS additive reached the highest compressive 

strength, 46 MPa and 50 MPa. Meanwhile, these specimens of 

KS and KSMS groups with microsilica also showed the 

highest deviation within the group data (Table II) that was 

probably caused by their increased structural heterogeneity. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. Compressive strength of К, KMP, MN, KSMK and KS specimens at 

the age 7 days and 28 days and 6 months. 

Averaged data for the density and ultrasonic parameters in 

the specimens groups at the age of 6 months are presented in 

Table II. Composites with cement and SMF conjunction 

having additives MS, MK, N possess sufficiently higher 

density (from 3.86 g/cm3 to 4.18 g/cm3) as compared to 

control group (2.30 g/cm3). Introduction of MS and MK 

reduces the density, while addition of N increases the density 

of the specimens. That may be due to the use of additives of N 

allowing achievement of a lower W/C ratio (0.52) of the 

concrete mix. 

The results showed weak expression of the dependence of 

ultrasound velocity on the density upon all the specimens and 

almost complete lack of correlation with compressive strength. 

The Pearson linear correlation coefficient was −0.73 and 0.10, 

respectively. Negative correlation with density is explained by 

the inverse relationship between the velocity and density at the 

similar elasticity modulus. Samples of K have a much higher 

US velocity than the samples with metal fillers, the density of 

which is almost two-fold higher than in group K. It is 

noteworthy that the content of metal – steel washers, US 

velocity in which is approximately 5,900 m/s, does not cause 

an increase in the US velocity in the composite samples on the 

additivity principle. This gives a reason to believe that the 

structure factor and, in particular, the quality of the cement 

bond with the metal and the possible presence of void spaces 

between cement and metal particles is the determining factor.  

Coefficient  can serve to characterize the structural 

uniformity. As seen in Table II, coefficient  is the lowest in 

group K and substantially increases in composite specimens

TABLE II 

AVERAGE DENSITY AND ULTRASONIC (US) PARAMETERS OVER GROUPS OF SPECIMENS 

Type of concrete 
(specimen group) 

Density, g/cm3 
Compressive 
strength, MPa 

US parameters 

Velocity С, м/с Frequency attenuation coefficient 

K 

KMP 

MN 

KSMK 

KS 

2.30 ± 0.02 

3.93 ± 0.07 

4.18 ± 0.06 

3.86 ± 0.03 

3.92 ± 0.04 

44.2 ± 5.3 

39.3 ± 2.4 

34.0 ± 4.8 

50.4 ± 8.5 

40.9 ± 8.2 

4100 ± 79 

3104 ± 176 

2969 ± 62 

2741 ± 131 

2652 ± 203 

2.6 ± 1.0 

3.8 ± 2.5 

3.7 ± 2.5 

7.7 ± 2.4 

11.5 ± 8.0 
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Fig. 3. Distribution of US velocity C (А) and frequency attenuation coefficient  (B) by specimens’ height in different concretes.  

with SMF and additives. Fig. 3 shows the distribution of US 

velocity C and coefficient  by the specimens’ height in all 

examined groups. In the specimens containing metallic fillers, 

US velocity C is reduced in the lower third of the height 

(Fig. 3a), where metal filler concentration was increased due 

to sedimentation during hardening. The obtained spatial 

gradient of ultrasound velocity in specimens with SMF is 

much more pronounced that the same in common heavy and 

light cements, typically not exceeding 3 % [12]. The same 

effect with opposite trend was shown for coefficient  

(Fig. 3b). Coefficient  increases sharply from the top to the 

bottom of the specimens with increasing concentration of the 

filler metal. In group K containing no SMF, this gradient does 

not exist. It is noteworthy that the absolute values of  is 

higher in groups KSMK and KS, where filler MS presents in 

addition to the metal filler and leads to an increased US 

attenuation at high frequencies. Meanwhile, the relative 

changes of  by the specimens’ height are the largest in 

groups KMP and MN. It can be assumed that the drastic 

increase in these changes of  there is due to appearance of 

void spaces around the metallic fillers acting as additional 

effective scattering elements. This assumption is confirmed 

both by microscopy observations of fracture surfaces and 

reduced compression strength of these specimens as compared 

with others. 

Microscopy images of the fracture surfaces in specimens of 

different compositions allow us to estimate quality and 

characteristic features of the SMF particle adhesion with 

cement, examples of which are shown in Fig. 4. On the 

surface of a specimen from K group, large pores with sizes 

ranging from 38.9 to 44.4 micrometers can be observed on the 

background of cement matrix. In a KMP specimen, smaller 

pores than in K (the largest size is 33.6 micrometers and a

SMF particle positioned obliquely are observed). By means of 

computer software changing the direction of the virtual 

lighting, one can allocate voids formed between SMF particle 

and cement matrix. We assume that these voids are formed 

during hydration that is an exothermic reaction of cement, 

when the SMF particle initially heats and expands and then 

contracts with decreasing temperature. Perhaps, these voids 

can be a cause of the decreased compressive strength in the 

specimens with SMF. On the surface of a specimen from 

KSMK group, grain structure with a plurality of different void 

sizes (largest to 97.9 μm – 300 μm) was noted. The contact 

between the SMF particle and the cement matrix, in this case 

seems better than in that of KMP: the matrix adheres tightly to 

the SMF particle.  

Traces of corrosion are present on the SMF particle surface, 

which indicates the presence of a reaction between the metal 

and MS. Then the highest mechanical strength in KSMK 

specimens can be explained by better interaction between the 

metal and cement components and by absence of void spaces 

between them, probably due to MS action.  

IV. CONCLUSION 

1. The use of small-sized metal particle as fillers reduced 

the compressive strength of heavy concrete specimens to 30 % 

as compared to control specimens without small-sized metal 

particle filler. Used in conjunction with small-sized metal 

particle, MS and N additives allow mitigation of this reduction 

to 20 %. The combined use of additives MS and MK increases 

the strength of specimens with small-sized metal particle to 

the value exceeding. These results indicate imperfect contact 

between the metal particle and the cement matrix in specimens 

with small-sized metal particle and possibility to improve it by 

using complex additives. 

Fig. 4. Images of fragments of fracture surfaces in specimens from groups K (left), KMP (middle) and KSMK (right). 
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2. Small-sized metal particle fillers (steel washers and 

additives) affect parameters of ultrasound propagation in a 

sophisticated manner. US velocity in denser specimens with 

metallic filler is lower than in the control specimens without 

small-sized metal particle. US velocity and the compression 

strength of concrete with small-sized metal particle and 

additives do not correlate with each other, which is possibly 

due to complex interaction of metal, cement and additives, as 

well as by appearance of multiple microscopic voids between 

metal and cement during manufacturing of concretes with 

small-sized metal particle. It is found that the US method can 

be successfully used to assess the structural heterogeneity of 

heavy concretes, using gradients of US velocity and frequency 

attenuation coefficient by the specimen. Frequency attenuation 

coefficient can be an effective measure to check uniformity of 

the particle distribution in the volume of heavy concretes with 

small-sized metal particles. It is also potentially informative 

about the origin and amount of voids between the matrix and 

fillers. 

3. Observation of the fracture surfaces by optical 

microscopy showed the presence of voids between small-sized 

metal particles and cement matrix. These voids are formed in 

the process of hydration of cement or exothermic reaction, 

causing gradual expansion and contraction of the metal at the 

sudden change of temperature. It is assumed that the voids 

may cause reduced strength of the specimens. 
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