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Abstract. The article presents the results of investigations of the compressive strength of controlled low-strength mate-
rials (CLSM) prepared with the use of copper slag waste as a filler. Eighteen mixtures were made of which part with 
sole copper slag waste, part with sand which served as reference and mixtures in which half of the filler was sand and 
half the copper slag waste. Part of them was prepared with 60 kg/m3 of cement and another part with 40 kg/m3 of cement. 
As a supplementary binder conventional fly ash was used. The aim was to recognie the feasibility of this type of material 
using copper slag waste as filler. Compressive strength tests were performed on the specimens in form of 
40×40×160 mm bars. The tests showed that after meeting certain conditions regarding the composition of the mixture, 
the copper slag waste can be used as a filler in CLSM. The compressive strength values after 180 days not exceeded 
1.60 MPa which is a very good result for this kind of material.  
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Introduction 

Controled low strength material (CLSM) is a self-compacting cementitious composite, mainly used instead of com-
pacted soil. It has been widely used for several decades in many countries (United States, Canada, Great Britain, France 
and others), and its use offers numerous benefits.  

The term CLSM is used to describe mixtures with cementitious binder, containing various components, with 
different applications, the compression strength of which, as defined in (ACI, 2018), does not exceed 8.3 MPa. In most 
applications, this strength should not exceed 2.1 MPa to ensure relatively easy removal of the material if necessary 
(ACI, 2005). CLSM has many advantages described in detail in the literature, e.g. (ACI, 2005; Howard & Hitch 1998; 
Hitch, Howard, & Baas, 2004; Karbownik, 2012). Among other things, it enables the use of various waste materials, 
which reduce cost and is beneficial for the environment. Usually local materials are used to prepare it to make it cheap 
and easy available.  

CLSM mixes can be tailored to meet specific requirements: compressive strength, consistency and other features, 
including high or low thermal conductivity, relevant for some special applications. CLSM usually reduces the costs of 
works compared to traditional compaction of soils, as it does not require compactors or rollers, does not require com-
paction control during laying and can be laid almost independently of the weather.  

Because CLSM is self-leveling and does not require compaction or spreading, it is easy to use in tight spaces or 
with limited access, where placing and compacting traditional filling is difficult or impossible at all. It also allows you 
to avoid the emission of vibrations generated during compaction of traditional backfills, which is especially important 
in cities and around historic buildings. Compression strength within the upper limit of 8.3 MPa allows the material to 
be used where there is no need to remove it in the future, such as fillings and structural subsoils under buildings and 
structures (Alizadeh, Helwany, Ghorbanpoor, & Sobolev, 2014). CLSM is a good material for covering pipes, electrical 
wires, telephone lines and other infrastructure (Ling, Kaliyavaradhan, & Poon, 2018). It is also used as permanent 
foundations for pavements or backfills for filling excavations. Low density CLSM, i.e. blends with the addition of a 
foaming agent, are used as anticorrosion and thermal insulation. CLSM should not be considered a type of low-strength 
concrete, but rather like self-compacting material, used as an alternative to compacted soils. CLSM can also not be 
confused with cement stabilized soils, described in (ACI, 2009). 

In addition to the above-mentioned advantages associated with the use of CLSM, this composite also has some 
drawbacks that should be taken into account at the stage of material selection for a given application. Generally, CLSM 
mixes are not frostproof, resistant to abrasion, erosion or aggressive chemical agents (ACI, 2005). 
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CLSM is a material used in many countries, especially in the USA, for several decades. One of the first applica-
tions took place in 1964 as pipe cover in the Canadian River Aqueduct Project in Texas. A 40% reduction in costs and 
a significant acceleration of work were obtained compared to conventional material requiring compaction (Howard & 
Hitch, 1998). In 1984, the ACI 229 committee was established under the name “Controlled Low Strength Materials 
(CLSM)”. In 1994, a report entitled “Controlled Low Strength Materials (CLSM)” was published, which was widely 
disseminated. The next version of the report was created in 1999 and was revised in 2005. There are currently 5 ASTM 
standards describing testing of CLSM materials (ASTM, 2016a; ASTM, 2016b; ASTM, 2016c; ASTM, 2016d; ASTM, 
2017).  

Typical CLSM mixtures contain water, cement, fly ash or similar ingredient and fine or coarse aggregate or a 
mixture of different aggregates. The most basic mixtures contain only water, cement and fly ash. Selection of materials 
should result from their availability, price, specificity of the given application (eg. maximum aggregate grain size due 
to the possibility of using the pump) and the required properties of the resulting material, especially workability, dura-
bility, ease of removal and density (ACI, 2005). Currently, research is still being carried out on the use of various waste 
products in the production of CLSM (Shon, Mukhopadhyay, Saylak, Zollinger, & Mejeoumov, 2010; Naganathan, 
Razak, & Hamid, 2012; Zhen, Zhou, T. Zhao, & Y. Zhao, 2012; Sheen, Huang, Wang, & Le, 2014; Nataraja & 
Nalanda, 2008; Taha, Alnuaimi, Al-Jabri, & Al-Harthy, 2007; Katz & Kovler, 2004; Le & Nguyen, 2016; Wang et al., 
2018). One of them may be copper slag waste from surface blast cleaning. As a CLSM mixtures filler, it can replace 
sand, from which it has a slightly higher density, but at the same time has lower thermal conductivity (Jaskulski, 
Reiterman, & Kubissa, 2017). CLSM with such a component is a material suitable for backfilling infrastructure that 
requires increased thermal insulation, primarily heat pipes and underground pipelines transporting process steam. In-
creasing the insulation of the surrounding backfill allows you to reduce heat losses to the ground and increase their 
efficiency. 

In Poland, CLSM is not very widely used which is, among others,a result of regulations regarding the treatment 
of industrial waste, which includes fly ashes, as well as the need to obtain technical approvals for any change in the 
composition or materials used. An additional difficulty in the case of waste of copper slag results from its increased 
radioactivity (Keller, Hoffmann, & Feigenspan, 2001). However, when using this material as a CSLM filler, it is pos-
sible to select the proportion of ingredients so that the radiation requirements are met.  

This paper presents the results of research in order to identify the feasibility CLSM mixtures based on copper 
slag waste. The preliminary stage of the research, was aimed at checking what strength can be obtained by replacing 
partially or completely the sand with a copper slag waste and how the strength of the material so prepared varies over 
time. The aim was to obtain mixtures with strength in the range above 0.3 MPa and below 2.1 MPa. 

Materials and performed tests 

Composition of materials 

The Portland blnded cement CEM II/B-V 32.5N – LH/HSR/NA, conventional fly ash, quartz sand and copper 
slag waste were used for preparing CLSM. The latter material is a remnant after using copper slag in the surface blast 
cleaning procedure. Tap water was used as the mixing water. 

Two groups of CLSM were prepared. The first group consisted of 12 mixtures. They were prepared with use of 
60 kg of cement for 1 m3 of material. These mixtures were prepared in order to recognize the feasibility of this type of 
material using copper slag waste. From the prepared 12 series of materials, 4 subgroups were separated with fly ash 
amounting to 200, 400, 600 and 800 kg/m3 respectively. In each of these subgroups, CLSM were differentiated in 
terms of aggregate used. Quartz sand, copper slag waste and a mixture of both materials in equal volume proportions 
were used. The amount of water in all cases was taken indicatively according to the recipes presented in the article 
(Kubissa, 2013). Recipes of materials from this group are presented in Table 1. 

Table 1. Recipes of the first group of CLSM [kg/m3] 

 C2S C2SC C2C C4S C4SC C4C C6S C6SC C6C C8S C8SC C8C 

Cement 60 60 60 60 60 60 60 60 60 60 60 60 

Quartz sand 1369 684 – 1139 569 – 815 408 – 352 176 – 

Copper slag waste – 780 1560 – 644 1289 – 461 923 – 199 399 

Fly ash 199 199 199 397 397 397 596 596 596 795 795 795 

Water 356 356 356 341 341 341 358 358 358 427 427 427 

 
The second group consisted of 6 materials. The CLSM with the smallest and largest amount of fly ash was aban-

doned. A smaller amount of cement was also used: 40 kg/m3. Additionally, the pre-set amount of water was verified 
experimentally by testing the flow of the mixture. If it was smaller than 200 mm, tested in accordance with 
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ASTM D6103 D6103M – 17, then a mixture was made again with more water and the optimal composition was itera-
tively selected. The recipes of CLSM from the second group can be found in Table 2. The amount of water given in it 
is established as a result of iterative modification of preliminary recipes. 

Table 2. Recipes of the second group of CLSM 

 D4S D4SC D4C D6S D6SC D6C 

Cement 40 40 40 40 40 40 

Quartz sand 1139 569 0 815 408 0 

Copper slag waste 0 644 1289 0 461 923 

Fly ash 411 411 411 610 610 610 

Water 307 272 307 252 287 268 

 
A plastic bucket with a capacity of 20 dm3 and an electric agitator were used to prepare the mixtures. The dosing 

was started with a filler, to which cement was added, and finally fly ash. After thorough mixing of the dry ingredients, 
water was added and mixed until a homogeneous mixture was obtained. The material was then poured into oiled 
moulds which were stored in laboratory conditions with temperature 22 ± 2 °C and relative humidity about 50 – 60%. 

Compressive strength test  

Specimens in the form of bars measuring 40×40×160 mm were prepared for strength tests. Six samples were 
made in each series. They were demoulded 2 – 3 days after forming, and then stored in containers in which the relative 
humidity was maintained above 95%. 

Before testing the compressive strength, the bars were broken into two parts around the center of their span. In 
each series, 12 compressive strength tests were planned at three dates: after 7, 28 and 90 days (first group of CLSM) 
or 180 days (second group of CLSM). Due to the low strength of the obtained materials, some bars were damaged 
before testing, hence in some cases the number of tested specimens is smaller. 

Specimens were tested on a strength machine with a load range of up to 100 kN. The rate of increase in the load 
was regulated by the speed of moving the movable press element and amounted to 1.5 mm/min. 

Results and discussion 

General remarks  

According to the ACI (ACI, 2005) report, CLSM with a compressive strength of 0.3 to 0.7 MPa have a bearing 
capacity of well compacted soil. It is assumed that up to 0.3 MPa of strength CLSM can be removed from the excava-
tion manually. From 0.3 to 1.4 MPa it can be removed with back-hoe, and in the case of CLSM made with use of fine 
aggregate only or with sole fly ash, the upper limit increases to the value of 2.1 MPa. The aim of the presented research 
was to determine whether, given the assumptions regarding the composition, CLSM can be obtained, the strength of 
which is within the given limits, i.e. at least 0.3 MPa and not more than 2.1 MPa. 

First group of CLSM mixtures  

The results of the compressive strength test of the first CLSM group after 7, 28 and 90 days are shown in Table 3. 

Table 3. Compressive strength test results of the first group of CLSM 

Compressive strength after: 
CLSM series 

C2S C2SC C2C C4S C4SC C4C C6S C6SC C6C C8S C8SC C8C 

7 days 

mean [MPa] 0.41 0.32 0.05 0.48 0.43 0.42 0.54 0.47 0.37 0.31 0.37 0.30 

SD [MPa] 0.03 0.03 0.01 0.02 0.03 0.02 0.03 0.03 0.02 0.03 0.03 0.01 

n [–] 9 12 9 11 12 11 12 12 12 10 11 10 

28 days 

mean [MPa] 1.15 0.73 0.06 0.78 0.81 0.86 1.01 0.77 0.66 0.54 0.57 0.50 

SD [MPa] 0.06 0.09 0.01 0.02 0.04 0.03 0.06 0.04 0.02 0.03 0.06 0.02 

n [–] 11 12 12 12 12 10 11 12 8 12 12 11 

90 days 

mean [MPa] 1.59 1.08 – 1.21 1.07 1.21 1.15 1.05 0.99 0.71 0.78 0.67 

SD [MPa] 0.10 0.14 – 0.02 0.03 0.05 0.07 0.04 0.06 0.02 0.02 0.03 

n [–] 11 12 – 11 11 12 12 12 12 12 12 12 
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Apart from the C2C series, in which 200 kg/m3 of fly ash and sole copper slag waste were used, we managed to 
obtain materials which compressive strength after 7 days reached the lower assumed limit, and after 180 days it did 
not exceed the upper limit. The C2C series has achieved very low strengths probably due to the small amount of fly 
ash and the simultaneous replacement of all sand by copper slag waste. In this case, it was not possible to test the 
strength after 90 days due to very numerous damages of the specimens. 
 

 

Figure 1. Compressive strength of the first group of CLSM after 7 days (source: own research) 

The compressive strength plots of the first group CLSM tested at different ages are shown in Figures 1 and 2. 
The red dashed line indicates the minimum required compressive strength value (0.3 MPa). In the case of the test 
strength after 7 days (Figure 1), two trends can be observed. The first one is the increase in strength together with the 
increase in the fly ash content in the material, from this trend CLSM mixtures with fly ash content of 800 kg/m3 are 
falling out. The second trend is the decrease in strength along with the decrease in the amount of sand in the mix. For 
this trend, the strength of C8SC series is an exception. 
 

 

Figure 2. Compressive strength of the first group of CLSM after 90 days (source: own research) 

The results of compressive strength test performed after 90 days are shown in Figure 2. They follow the same 
trends as the results after 7 days, although the differences between the results after 90 days are lower, and the trends 
themselves are slightly less pronounced. The increase in the value of CLSM strength with copper slag waste is notice-
able in comparison with the remaining mixes. The increase in strength over a longer period of time is usually associated 
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with the pozzolanic reaction. It suggests that the copper slag waste may be a material that undergoes such a reaction to 
some extent. 

Second group of CLSM mixtures 

The results of the compressive strength results of the second group of CLSM after 7, 28 and 180 days are shown 
in Table 4. The mixtures from this group was tested after 180 days to ensure that even after so long period the maximum 
assessed compressive strength value is not exceeded. 

Table 4. Compressive strength test results of the second group of CLSM 

Compressive strength after: 
CLSM series 

D4S D4SC D4C D6S D6SC D6C 

7 days 

mean [MPa] 0.32 0.30 0.07 0.82 0.73 0.56 

SD [MPa] 0.01 0.02 0.00 0.03 0.05 0.01 

n [–] 12 12 12 12 12 12 

28 days 

mean [MPa] 0.44 0.50 0.33 1.05 1.08 0.95 

SD [MPa] 0.03 0.03 0.08 0.04 0.04 0.04 

n [–] 12 12 12 11 12 12 

180 days 

mean [MPa] 0.80 0.97 0.44 1.45 1.50 2.05 

SD [MPa] 0.08 0.07 0.00 0.49 0.09 0.08 

n [–] 6 12 12 4 12 11 

 
As in the case of the first group of mixes, also CLSMs prepared in the second stage of research achieved com-

pressive strength values within the assumed limits. The only exception is the D4C mixture, which after 7 days has 
reached a compressive strength of 0.07 MPa. However, after 28 and 180 days its strength exceeded the assumed lower 
limit of strength or 0.3 MPa. A smaller amount of cement used in the preparing of mixes of this group was reflected in 
the lower compressive strength values after 7 and 28 days. 

After 180 days CLSM of the second group made using 400 kg/m3 of fly ash are characterized by still lower 
compressive strength than mixes from the first group with the same amount of fly ash after 90 days. However, in the 
case of mixes with 600 kg/m3 of fly ash, there is a clear increase in compressive strength of the CLSM of the second 
group after 180 days in comparison with those of the first group tested after 90 days. The highest strength after 180 
days was achieved by CLSM mixes made without sand. This may suggest a synergistic effect of using higher amount 
of fly ash with copper slag waste. 
 

 

Figure 3. Compressive strength of the second group of CLSM after 7 days (source: own research) 

Figures 3 and 4 present graphs depicting the results of compressive strength tests of CLSM after 7 days (Figure 3) 
and after 180 days (Figure 4). The red dashed lines indicate the required compressive strength limits (lower – 0.3 MPa 
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and upper – 2.1 MPa). The analysis of the graphs indicates a change in the mutual proportions of the compression 
strength values of CLSM mixtures over time. After 180 days, the relative increase in the strength of CLSM is greatest 
in the case of mixtures without sand, and the smallest in the case of mixtures without copper slag waste regardless of 
the amount of fly ash used. However, in the case of an absolute increase in strength, such a pattern appears only in the 
case of mixes made of 600 kg/m3 of fly ash. In the case of CLSM mixtures made of 400 kg/m3 of fly ash, the D4C 
mixture prepared without the use of sand does not match the pattern. 

  

 

Figure 4. Compressive strength of the second group of CLSM after 180 days (source: own research) 

Conclusions 

The performed research allowed to formulate the following conclusions: 
1. Higher increase of compressive strength in a longer time (after 90 and 180 days) showed mixtures with copper 

slag waste than with sand only. This indicates some pozzolanic activity of copper slag waste. 
2. The optimal amount of fly ash in the blends was 600 kg/m3. When using 60 kg/m3 of cement, 400 kg/m3 can also 

be considered an optimal fly ash content. The tests confirmed that too much fly ash content worsens the strength 
properties of CLSM mixes. 

3. Mixes with the smallest amount of fly ash (200 kg/m3) did not reach the lower limit of strength after 28 days 
despite the use of 60 kg/m3 of cement. 

4. The use of CEM II/B-V cement (instead of usually used CEM I cement) allowed to obtain CSLM with the opti-
mum composition for applications where it may be necessary to remove hardened material from the excavation 
without the possibility of using heavy equipment. The compressive strength of such mixtures even after 180 days 
did not exceed 2.1 MPa. 
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