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ABSTRACT 

This study was motivated by the necessity to recycle sludge water resulting from washing 
out concrete mixing trucks - a problem of both environmental and economic importance 
for the ready-mixed concrete industry. Sludge water from ready-mixed concrete plants as 
well as dry sludge, which is derived from the settling of the water, are hazardous for 
disposal due to their high pH value (pH>11.5). In this work, cement mortars were 
composed using either sludge water after various treatment, or dry sludge in several 
ratios. The cement mortars were tested for their workability and strength development. 
The purpose of this experimental design was to prove that sludge water, as well as sludge 
in a wet or dry form, can be used in the production of mortars without degrading any of 
their properties. 
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INTRODUCTION  

The construction industry appears to be responsible for the consumption of huge 
amounts of water. Particularly, the ready-mixed concrete plants, besides from the 
necessary water used for the production of concrete (a typical value of water/cement ratio 
is 0.5), consume a substantially greater amount of water, than that used for concrete 
production, for washing out truck mixer drums at the end of each shift. It is estimated that 
approximately 1500 l of water are used for washing out one truck daily [1]. Apart from 
that, the water discharged from the trucks is characterized as hazardous for disposal from 
European (Environmental Agency’s Special Waste Regulations) [1] and U.S. (EPA) 
legislation [2], since it has a pH value over 11.5. Recent studies demonstrated promising 
results regarding the reuse of ready-mixed concrete wastewater in several ratios with 
fresh water for concrete production [3, 4].  

The originality of this study is that it suggests sludge water being used without any 
dilution with fresh water or any treatment. The results displayed below demonstrate that 
sludge water, when used for the production of cement mortars, can achieve better 
compressive strength compared to fresh water. Additionally, if prior water treatment has 
taken place to ensure the compliance of the water with national regulations, there is a 
possibility of even better results. 

Moreover, dry sludge can be used as a cement or sand filler for concrete production. 
The fact that this material has this natural fineness, instead of being a hazardous waste, 
helps utilizing it as a fine by-product replacing very commonly used limestone cement 
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fillers. This would help preserving natural resources, saving energy (grinding is a very 
energy intensive process) and recycling wastes. 

The physical and chemical properties of the above materials have been examined in 
previous studies [5, 6] and the results showed that: 

i) Sludge water occurring directly from the ready-mixed concrete truck washout has 
chemical properties allowing it to be used as concrete mixing water according to 
EN [7] and ASTM [8] standards but it does not comply with the Hellenic 
Standard [9] 

ii) Sludge, found in the bottom of the water settling tanks, contains approximately 
70% water. The chemical analysis of its dry mass showed that it mainly consists 
of calcite (CaCO3) and portlantite (Ca(OH)2). It is also worth noting that its 
residue from a 90 μm sieve is only 0.8%. 

 

EXPERIMENTAL PART 

The experimental part can be divided into two different sections; the first section focuses 
on the influence of the sludge water to the properties of the cement mortars, including the 
different treatments that took place in all water samples. Meanwhile the second one deals 
with the role of sludge both in its wet and dry status as a filler ingredient in the cement 
mortar composition.  

Sludge water from ready-mixed concrete plants 

Treatment and coding.  In order to isolate the various water parameters and discover in 
what way they affect mortar properties, several different treatment techniques had to take 
place to the original water sample that was collected directly from the ready-mixed 
concrete truck drum during its washout. The parameters mentioned above are: the pH 
value and the water content in solids and chlorides. 
 

Table 1.  Chemical analysis of water samples and coding 
  

Water sample 
code 

Filtration 
Mean of 

acidification 
pH value 

Total solids 
content 
(ppm) 

Chloride 
content 
(ppm) 

Se
ri

es
 1

 1.1 No - 12.5 ~9000 <100 
1.2 No HCl 10 ~10500 ~1500 
1.3 No HCl 7 ~11000 ~2000 
1.4 No HCl 5 ~12000 ~3000 

Se
ri

es
 2

 2.1 No - 12.5 ~9000 <100 
2.2 No HNO3 10 ~11000 <100 
2.3 No HNO3 7 ~12000 <100 
2.4 No HNO3 5 ~13000 <100 

Se
ri

es
 3

 3.1 Yes - 12.5 <800 <100 
3.2 Yes HCl 10 ~2200 ~1500 
3.3 Yes HCl 7 ~2700 ~2000 
3.4 Yes HCl 5 ~3700 ~3000 

Se
ri

es
 4

 4.1 Yes - 12.5 <800 <100 
4.2 Yes HNO3 10 ~2000 <100 
4.3 Yes HNO3 7 ~3000 <100 
4.4 Yes HNO3 5 ~4000 <100 
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It is obvious from Table 1 that the goal of all treatment was to achieve four pH values 
(12.5, 10, 7 and 5) with two different means of acidification; HCl(aq) which increases the 
chloride content of the sample and HNO3 that does not influence the chloride content at 
all. Additionally, half of the samples went through filtration to decrease their content in 
solids, but since not all solids were dispersed, that number could not reach zero. It is also 
worth mentioning that as the acidification proceeds the mass of total solids increases, 
since Cl- and NO3- respectively remain dissolved in the water sample, adding up to the 
total solids content. Nevertheless, the total solids content of the water samples that have 
not been through filtration is significantly higher from the ones that have been filtered 
(e.g. the total solids content of water sample 1.4 is ~12000 ppm when that of water 
sample 3.4 is more than three times less: ~3700 ppm).   

Cement mortars   All water samples were used to produce cement mortars according 
to EN1015 to be tested for their workability (spread in a flow table) [10], flexural and 
compressive strength [11]. In all cases the composition of the mortars consisted of 540 g 
cement, 1156.5 g limestone sand and 270 g water. The cement used was CEMI 42.5 and 
the reference mortar was produced with fresh water. The results of all tests are presented 
in Table 2. 

Table 2.  Test results of cement mortars with sludge water 
 

Water 
sample 
used 

Spread 
(cm) 

2 days 7 days 28 days 

Flexural 
strength 
(MPa) 

Compressive 
strength 
(MPa) 

Flexural 
strength 
(MPa) 

Compressive 
strength 
(MPa) 

Flexural 
strength 
(MPa) 

Compressive 
strength 
(MPa) 

Ref 16.7 5.71 34.75 6.61 43.75 8.52 52.85 
1.1 16.0 6.07 39.15 7.02 45.90 6.23 53.75 
1.2 15.9 6.83 39.45 7.06 47.50 6.43 57.15 
1.3 15.7 6.05 40.05 6.38 49.30 8.04 57.75 
1.4 15.8 5.87 39.35 6.56 48.90 6.97 57.05 
2.1 17.0 5.30 38.95 6.71 45.65 6.23 53.75 
2.2 16.5 5.66 36.30 6.59 43.60 5.38 53.40 
2.3 16.1 6.38 37.55 6.86 47.15 7.86 55.25 
2.4 16.4 5.76 35.35 7.15 42.95 8.60 50.15 
3.1 16.5 5.72 36.00 7.22 44.65 6.97 53.05 
3.2 16.4 5.62 37.95 6.28 48.05 6.57 57.6 
3.3 16.2 5.73 41.70 7.00 47.15 7.15 57.40 
3.4 17.1 6.20 37.70 7.26 44.15 6.37 53.95 
4.1 16.5 5.72 36.00 7.22 44.65 6.97 53.05 
4.2 16.6 5.53 33.25 7.08 42.45 5.41 53.55 
4.3 16.6 5.95 35.70 7.64 44.35 8.69 53.20 
4.4 16.8 5.04 34.25 6.61 39.50 7.23 46.50 

 
For better comprehension of the results presented in Table 2, the data is given 

schematically in Figures 1 and 2 with different approaches. 
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(1a) (1b) 

 

   
(1c)  (1d) 
 

Figure 1.  Compressive strengths of cement mortars for the ages of 2, 7 and 28 days grouped 
by series of water samples 

 
Figure 1 shows how the acidification process influences the behaviour of water 

samples mixed in the cement mortars as they are aging. It is obvious that in same series, 
while a specific pH value seems to overtake at the age of 2 days, another one dominates 
when the mortar specimen is of 28 days of age. Moreover, in any case, another pH value 
is desired, depending on the treatment (the mean of acidification and the presence or 
absence of solids). 
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(2a) (2b) 

 
(2c) 

 
Figure 2.  Compressive strengths of cement mortars for different pH values grouped by ages of 

mortars 
 

An alternative perspective is given by Figure 2 which compares compressive 
strengths affected from the four pH values occurred from different ways of treatment 
without focusing on the aging progress. The necessity of these charts lies in the fact that 
they identify which treatment gives the optimum results, by demonstrating the most 
suitable acid and revealing whether a large quantity of solids is helpful for the properties 
of the mortar produced. It is also indicated that the reference mortar appears in every 
chart of Figure 2 only in the position of pH 7, since this is the pH value of fresh water. 

Sludge from ready-mixed concrete plants 

Sludge is obtained from the bottom of the settling or recycling waste water tanks, 
depending on the concrete plant. While the water settles, all the solids start to precipitate 
forming a sludge which eventually takes over the tank. When this sludge gets removed it 
is often disposed in a field where, drying out, forms an agglomerated material. This 
material is very easily de-agglomerated due to the fact that it is formed by dispersed or 
dissolved particles included in the wash water, simply drying out. 

The tests that took place concerning sludge were separated into two categories: 
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i) Sludge, without any treatment (containing approximately 70% water), was 
added to the mortars’ mixing water (fresh water) and in this way it substituted 
mostly part of the sand in the mortar mixture and a very smaller part of 
cement. 

ii) De-agglomerated dry sludge was used in the mortar mix, replacing small 
quantities of cement; exactly in the way limestone cement fillers are used. 

 
“Wet” sludge (sludge as it is) Four different water samples were produced using fresh 

water and different quantities of wet sludge. Table 3 demonstrates the total solids content 
achieved to the water samples. The water sample codes used indicate the amount of total 
solids content in g/L desired for every water sample produced by adding wet sludge “ws” 
(ws10 contains 10 g/L total solids, ws50 contains 50 g/L, etc). 

 
Table 3.  Coding and properties of “wet” sludge water samples 

 

Water sample code pH value 
Total solids content 

(g/L) 
Quantity of wet sludge 
add to 1L of water (g) 

ws0 7.5 <1 - 
ws10 12.5 ~10 33 
ws50 12.5 ~50 165 

ws100 12.5 ~100 333 
ws150 12.5 ~150 495 

 
The water samples produced were used to produce cement mortars in the same ratios 

described in paragraph cement mortars concerning sludge water (540 g cement, 1156.5 g 
limestone sand and 270 g water). The testing results are shown in Table 4. 

 
Table 4. Test results of cement mortars with wet sludge 

  

Water 
sample 
used 

Spread 
(cm) 

2 days 7 days 28 days 

Flexural 
strength 
(MPa) 

Compressive 
strength 
(MPa) 

Flexural 
strength 
(MPa) 

Compressive 
strength 
(MPa) 

Flexural 
strength 
(MPa) 

Compressive 
strength 
(MPa) 

ws0 16.7 5.71 34.75 6.61 43.75 8.52 52.85 
ws10 16.0 6.07 39.15 7.02 45.90 6.23 53.75 
ws50 15.1 6.30 39.05 7.44 48.45 8.05 56.35 

ws100 14.4 6.71 38.35 7.07 45.45 8.18 54.55 
ws150 13.9 5.82 38.40 7.96 47.00 8.06 53.70 

 
Figure 3 demonstrates the trend of the resulting compressive strengths, depending on 

the quantity of wet sludge contained in the water samples and their age. It is obvious that 
the presence of wet sludge in the mixing water has a positive effect on the compressive 
strength of the mortars. The optimum percentage appears to be that of water sample ws50 
(sludge water containing 50 g/L of total solids), as it is very easily concluded from Figure 
3. Nevertheless all water samples with wet sludge have a better behaviour than fresh 
water concerning their strength development but they are inferior in their workability as 
expected. 
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Figure 3. Compressive strength of mortars containing wet sludge 
 

Dry sludge  After removing all free water contained in sludge by heating it at 95 oC, 
the material was reduced to its original size, not by grinding it, but by crashing either 
manually or in a cement mixer. The dry sludge resulting from this procedure was used as 
a cement filler, thus replacing small parts of cement in the mortar mixture. The new 
mortar mixtures designed for this series of experiments are shown in Table 5. The codes 
used for the cement mortars indicate the amount of dry sludge “ds” added in every 
mixture (ds0 contains 0g of sludge, ds10 contains 10g of sludge, etc). 

 
Table 5. Mix design for cement mortars using dry sludge as cement filler 

 
Cement 

mortar code 
Cement (g) Sand (g) Sludge (g) Water (g) w/cm 

% replacement 
of cement 

ds0 540 1156.5 0 270 0.5 0.00 
ds10 530 1156.5 10 270 0.5 1.89 
ds20 520 1156.5 20 270 0.5 3.85 
ds30 510 1156.5 30 270 0.5 5.88 
ds40 500 1156.5 40 270 0.5 8.00 

 
As it appears in Table 5, the sole difference between the cement mortars described 

above is their ratio in cement and sludge. The abbreviation w/cm stands for water to 
cementitious material ratio which, as sludge should be considered a cementitious material 
due to its origin and characteristics, remains constant. Table 6 presents the test results of 
the mortars composed as described previously. 

 
Table 6.  Test results of mortars containing dry sludge 

 

a/a 
Spread 
(cm) 

2 days 7 days 28 days 
Flexural 
strength 
(MPa) 

Compressive 
strength 
(MPa) 

Flexural 
strength 
(MPa) 

Compressive 
strength 
(MPa) 

Flexural 
strength 
(MPa) 

Compressive 
strength 
(MPa) 

ds0 17.1 6.01 32.13 6.82 43.05 7.86 47.83 
ds10 16.6 5.93 34.00 6.91 44.23 7.21 50.23 
ds20 15.4 5.86 31.15 6.92 39.75 6.99 46.83 
ds30 14.9 5.64 32.55 6.46 40.23 8.01 48.33 
ds40 14.5 5.08 31.03 6.27 39.20 7.18 45.05 
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Similarly to previous subsections, Figure 4 follows, which shows schematically the 

results of compressive strengths. 
 

 
Figure 4. Compressive strength of mortars containing dry sludge 

 
The superiority of mortar ds10 is apparent in the above graph, confirming that dry 

sludge has the exact behaviour with ordinary limestone cement fillers which in small 
cement replacement ratios can cause a slight improvement in the compressive strength of 
mortars. Other replacement ratios also give very good results but the deterioration they 
cause to the spread values cannot be ignored. 

DISCUSSION OF RESULTS 

Sludge water from ready-mixed concrete plants 

Initially, the most important result is that, besides water sample 4.2 in early ages and 
4.4 in all ages, all water samples when used as mixing water for the production of mortars, 
exceeded in all ages the compressive strengths reached by the reference mortar, which 
was produced with the exact same proportions but with fresh water used as mortar mixing 
water. This is a very promising result which proves the original purpose of this study; that 
sludge water can be used as concrete mixing water without any dilution or treatment. This 
first observation is also supported by the values of spread which is measured as an 
indicator of workability. All cement mortars produced in this series of experiments 
showed spread values of 16.4 cm ± 0.7 cm (a deviation of 4% which could also be 
attributed to human error). 

Another major result is that the mean of acidification, meaning the acid chosen to 
reduce the pH value of sludge water, plays a very important role to the mortar’s 
behaviour. It is clear from Figure 2 that water samples acidified with HCl demonstrated 
much better results. Specifically, in case of water samples 1.3, 3.2 and 3.3 a 9% rise of 28 
days compressive strength was noticed in comparison with the reference mortar, where 
water sample 3.3 showed a surprising 20% rise for the 2 days compressive strength. This 
result was partially expected due to the increase of chloride ions that is achieved when 
hydrochloric acid is added in the water sample. Chloride ions are very well known for 
their ability to accelerate the strength development of cement [12], since CaCl2 was a 
common accelerator in the past. 
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Total solids content seems to affect significantly compressive strength as well and it 
will be discussed in the wet sludge subsection. However, additional conclusions could be 
drawn from this series of experiments as well. Since chloride content influences strength 
development greatly, it would be safer to focus on series 2 and 4 of the water samples due 
to the fact that nitric ions are relatively inert in a cement mix. It is obvious from Figure 2 
that series 2 (which contain a larger amount of total solids) has a significant advantage 
towards series 4. The same outcome derives when comparing samples 1.1 and 2.1 with 
3.1 and 4.1. All these samples have a pH value of 12.5 and their only difference is their 
content in solids. It is clear that the total solids content, meaning the amount of sludge 
existing in the water gives an advantage of even more than 3 MPa in compressive 
strength in the age of 2 days. 

On the other hand, a high pH value does not seem to affect the performance of mortars. 
Based on Figure 1, it does not appear that any of the values 12.5, 10 or 7 would be 
absolutely desirable. In the case of series 1 and 3, pH values 10 and 7 have better results 
due to the addition of chloride ions, but in the other two series there is no optimum value 
for pH. Contrariwise, pH value 5 should be avoided, especially in the case of water 
sample 4.4, where there is no additional positive impact from total solids content or 
chloride ions. 

Concluding this subsection, this study does not cover the financial aspects of this 
issue. Clearly, it would be cheaper not to treat the sludge water since it causes an 
improvement of the mortar’s properties as it is. However, several countries (including 
Greece) have strict regulations concerning concrete mixing water that require pH 
reduction. In this case HCl addition is a cheaper solution which also increases the 
compressive strength. 

Sludge from ready-mixed concrete plants 

“Wet” sludge   When wet sludge is dispersed in the water sample and subsequently in 
the mortar mix, it increases the amount of fine particles (wet sludge mostly takes over the 
percentages of the fine particles of sand) and in this way improving its packing index 
causing a rise in compressive strength. This primary conclusion is very easily drawn from 
Table 4 and Figure 3, since mortar mixed with ws0 that did not contain any sludge had the 
lowest compressive strength in all ages. Additionally, an optimum amount of sludge 
appears in the case of ws50 which corresponds to 50 g/L of sludge in water. Moreover, 
the fact that by increasing the quantity of sludge, the mortar’s workability plummets 
should not be overlooked. This problem can be addressed by increasing the water to 
cement ratio, an action that would cause a significant decrease in the compressive 
strength. Alternatively, the Superplasticiser dosage might be increased. Nonetheless, a 
water sample class of ws10 would be desirable since it improves compressive strength 
without having a great effect in workability. In real life a dosage of wet sludge above the 
one prescribed in ws10 will not be needed and it could be quite difficult to achieve, since 
the total solids content of this water sample matches the one of  a water sample collected 
directly from the mixing truck’s drums. 

Dry sludge  Unlike the wet sludge experiments, where the mortar mix remained fixed 
in all mixtures, in this series of experiments dry sludge clearly took place of cement 
rather than a fraction of the sand. In this case, when the logical outcome would be the 
decrease of compressive strength, due to the reduction of the cement quantity, a small 
increase is noticed when a 2% cement replacement occurs. This result could be attributed 
to the filler effect, showing very promising results concerning the value of this 
by-product. Additionally, other cement replacement ratios demonstrate very satisfying 
results, while showing a slight decrease of compressive strength. Repeating previous 
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observations, the addition of sludge, either in its wet or dry status, causes a loss of 
workability, leading spread values to drop from 17.1 cm to 14.5 cm. Conclusively, a 2% 
cement replacement by dry sludge, would lead to a cheaper and stronger cement mortar. 

CONCLUSIONS 

The conclusions derived from this study are noted below, divided into subcategories 
as previously mentioned. 

Sludge water from ready-mixed concrete plants 

 The majority of the water samples produced, but most importantly the sludge 
water sample without any treatment (1.1 and 2.1), when used in mixing water, 
demonstrated an improvement over fresh water concerning the mortars’ 
strength development without hindering their workability. 

 If acidification is required due to local legislation, hydrochloric acid should be 
preferred, since chloride ions react as accelerators giving even better results. 

 A relatively high concentration in total solids is tolerated if not desired, as it 
enhances the strength without affecting the workability. 

 The alkali characteristics of the sludge water do not influence the mortars 
properties and the original pH value of sludge water directly from the truck 
drum which is approximately 12.5 does not require any reduction. 

Sludge from ready-mixed concrete 

 When untreated sludge is used, without any removal of its free water content, 
and added to mortar mixing water it can cause an improvement of 
compressive strength, but when it exceeds a certain concentration it leads to 
loss of workability. 

 Dry de-agglomerated sludge, when used as a cement replacer, can cause a 
slight improvement in the mortar’s compressive strength, when used in a 2% 
cement replacement ratio, due to the filler effect. In bigger replacement ratios 
it leads to a slight decrease of compressive strength but causes a significant 
drop in workability. 
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