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Abstract 
Since comb polymers based on PolyCarboxylicEthers (PCEs) have been introduced, they 

shifted the limits of achievable concrete performance dramatically. Today we are able to build 
higher, stronger and more durable than ever before. As a consequence of the outstanding water 
reduction and early strength performance of PCEs the industry was enabled to lower W/C ratios, 
reduce cement contents and utilize more SCM in the concrete mixes. However, these optimized 
concrete mixes are prone to increased concrete viscosity and stickiness of the concrete.  

We have developed a new superplasticizer technology based on comb polymers featuring 
aromatic backbones: PolyArylEthers (PAE). Compared to conventional PCE, these new 
admixtures are able to reduce the thixotropy of concretes. In addition, a good early strength 
development and outstanding water reduction is maintained. More than 25 years after 
introducing the first PCE into the industry, PAE provides a breakthrough of rheology 
performance improvement for concrete. 

High viscosity of fresh concrete has a big impact on its pump-ability, spray-ability, place-
ability and surface finishing. Using PAE based admixtures equip concrete with appropriate 
rheological properties that help save placing time and labor costs and are therefore highly 
relevant for the construction industry. The workability of fresh concrete is usually characterized 
by its slump and slump flow values. However, workers often notice significant differences 
when handling concrete prepared according to different recipes, even if they exhibit very similar 
workability. Especially concretes with high SCM content that are treated with PAE are less 
sticky and can be placed with low effort. This behavior is quantified by comparing yield values, 
plastic viscosities and thixotropy and is characterized by using V-funnel and rheometer tests. 
The advantages of this technology are exemplified on mixes optimized for their sustainability 
and compared with conventional mix designs based on a life cycle assessment.  
 
Keywords: Sustainable construction, high range water reducers, life-cycle analysis, 
admixture innovation, carbon footprint, concrete performance 
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1. INTRODUCTION 
Global warming as a consequence of the increasing emission of carbon dioxide is considered 

to be a major challenge for mankind. One significant source of human CO2 emission is the 
production of Portland cement [1]. For every ton of Portland cement produced, approximately 
900 kg carbon dioxide is released into the atmosphere [2]. In 2010, around 3.3 billion tons of 
cement was produced, which corresponds to more than 3 billion tons of CO2 and the demand 
for cement is expected to continue to grow with the global population and the development of 
urban centers. It is therefore not surprising that construction industry is experiencing increasing 
pressure to reduce their CO2 emissions in order to become more sustainable. Consequently, 
modern concrete technology aims at minimizing the need for Portland cement without 
sacrificing the strength and the durability of the hardened concrete.  

Superplasticizers allow maintaining the workability of fresh concrete with less water and 
hence help significantly increase the strength after hardening. Stronger concrete allows 
slimming down structures and thus decreasing the Portland cement consumption. A second 
important lever to reduce the content of Portland cement in a concrete is the use of 
supplementary cementitious materials (SCM). However, (partially) replacing Portland cement 
by SCM often leads to a loss of (initial) strength that is usually compensated by lowering the 
water cement ratio. The resulting workability drop can again be compensated by the utilization 
of superplasticizers. However, with high loads of fillers and SCM in the concrete mix design, 
state of the art PCE based superplasticizers are reaching technical limits: Although PCE based 
superplasticizers manage to establish the desired slump and water reduction, the concrete 
becomes very “sticky” and has a tenacious appearance. The concrete appears viscous and seems 
to have a higher cohesion, which negatively influences its pump ability, spray ability, place 
ability and surface finishing. Interestingly, not all superplasticizers have the same negative 
impact on rheology. Thus, it is very important to choose the right superplasticizer type in order 
to avoid undesirable stickiness. 

This work presents a novel class of superplasticizers, developed by BASF that provides 
excellent rheological properties even in demanding mix designs. At the same time it maintains 
known advantages of PCE based superplasticizers like high water reduction capability, high 
early strength and tune-able slump retention properties. These new dispersants differ from 
conventional superplasticizers in the chemical nature of their polymer backbones. Like 
conventional polycarboxylate ethers (PCE), the polymers exhibit a comb structure with 
polyether side chains; however the acrylate-free backbone has an aromatic rather than aliphatic 
character and is considered to be more rigid. Moreover, they feature phosphate moieties as 
anchoring groups. The presence of aromatic units in combination with a very high density of 
negative charges is believed to increase the affinity to the cement surface, whereas the presence 
of side chains adds a steric component to the electrostatic component of the inter-particle 
repulsion forces. These aromatic comb polymers will be called polyaryl ethers (PAE) in order 
to distinguish them from conventional PCE. They combine some of the beneficial properties of 
poly(ß-naphthalene sulfonates) (BNS) with the high performance of PCE (Figure 1). The 
aromatic character of the backbone is believed to induce a much better carbon black dispersion 
capability, which improves the surface appearance of e.g. fly ash containing concretes. 
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Figure 1: Schematic sketch of the structure of aromatic comb polymers (PAE) 

The influence of PAE on the rheology of fresh concrete and mortar is compared with 
commercially available conventional PCE as well as with laboratory-made small molecule 
dispersant (SMD). The SMD-type dispersant consists of a single polyether chain that is 
comparable to those used as side chains in PCE. However, this single polyether chain is not 
attached to a polymer backbone. Instead, it is functionalized with negatively charged functional 
groups that serve as anchoring group and thus provide adsorption to concrete (Figure 2) 

Figure 2: Schematic sketch of the structure of a small molecule dispersant SMD 

2. THEORETICAL BACKGROUND
A Bingham type relation is often used to describe the flow behavior of concrete at low and 

intermediate shear rates. It describes a linear dependency of shear stress τ in relation to the 
applied shear rate γ : 

γµττ ⋅+= 0
In this model, the yield stress τ0 determines the value when concrete begins to flow under its 

own mass. This value can be easily measured by the flow test [3]. The flow of concrete or 
mortar correlates with yield stress τ0. On the other hand, the plastic viscosity µ determines the 
flow time or speed of concrete during molding or pumping. This value indicates how easily the 
concrete can be placed or filled into forms (knead ability, place ability, spread ability, spray 
ability, pump ability or flow ability). Furthermore, the flow properties of concrete are also 
determined by its thixotropy, a shear thinning effect. Due to its thixotropic nature, concrete 
appears thick (viscous) under static conditions and will start to flow (become thin, less viscous) 
over time when subjected to mechanical stress (e.g. agitation, shaking, stirring). Upon relieve 
of the mechanical stress, it takes a certain time for the concrete to return into its previous, more 
viscous state. Thus, mechanical stress helps to improve the flow ability of fresh concrete. 
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The flow behavior of concrete is influenced by the water content, type, shape, size and 
amounts of the solids, viscosity modifying agents (VMA), air entraining agents (AEA) and 
superplasticizers. Wallevik et al. have nicely summarized these influencing factors in form of a 
rheograph [4]. According to them, dispersants improve the flow ability of concrete mainly by 
lowering its yield stress. Most superplasticizers have only a minor impact on the plastic 
viscosity. For some dispersant types a rise of the plastic viscosity can be observed and for others 
a decrease. 

The main application of dispersants, however, is not to improve the flow ability of concrete 
at a given W/C. More typically, they are used to reduce the water content with the target to 
achieve a higher compressive strength. The dispersant takes care of maintaining the same flow 
ability of the concrete by lowering the yield stress compared to the same concrete mix without 
dispersant.  

Figure 3: Correlation slump flow and spread (according to DIN EN 12350-5) 

The most widely used industrial application test method to characterize the fluidity of 
concrete is the slump test. The obtained values are based on the flow of concrete under its own 
weight. However, the concrete is subjected to only minor shear forces during the test. Even the 
DIN Spread test, a variation of the slump test in which the flow diameter is determined on a 
shocking table, does not involve substantial shear forces. Thus, the obtained values for slump 
(remaining height of the concrete pile compared to the test cone), slump flow (flow diameter 
without shocking) and DIN spread (flow diameter on a shocking table) are in principle 
equivalent. If slump values are plotted against slump flow or DIN-spread values, the data show 
a very good correlation and always fit to the same curve - independent of the concrete mixture, 
the type of superplasticizer and the age of the fresh concrete. All these values correlate very 
well with the yield stress. However, plastic viscosity, the other characteristic indicator for the 
rheology, cannot be assessed by using these methods.  

The effect of increasing plastic viscosity becomes obvious in concrete mixture proportions 
that exhibit a low water to cement ratio and increasing solid volume fractions. These concretes 
have a sticky appearance to the workers despite exhibiting a normal behavior in slump tests [5]. 
The increase of the plastic viscosity is related to contact interactions between the fine particles. 
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They are a result of repulsive electrostatic forces, caused by the electric double layers on the 
surfaces, attractive van der Waals forces and by the steric repulsion caused by the layer of 
adsorbed superplasticizer. The latter is the dominating force between the fine particles. Due to 
the steric repulsion caused by the presence of a superplasticizer, agglomerates are getting 
fractured into smaller particles, which can now be more densely packed compared to the larger 
agglomerates. This means that the maximum possible solid volume fraction increases. Water 
that had been stored in interparticle pores becomes displaced and forms a water film around the 
particles and helps to separate the contact points between the particles. Thus, the mobility of 
the particles increases and the system becomes more fluid.  

The apparent viscosity of a mortar very much depends on the shear rate that is applied. At 
low shear rates the apparent viscosity is dominated by colloidal interactions and very sensitive 
to the superplasticizer dosage, because it decreases the stability of the colloidal network. With 
increasing shear rates (in the range of 3 - 30 s-1), the stability of the colloidal network loses 
significance and viscous interactions start to take over. Finally, at very high shear rates, the 
liquid interparticle phase loses influence and the system starts to behave like densely packed 
solid spheres and the apparent viscosity rises again. The best-suited shear rate window for 
measuring the apparent viscosity is therefore the region around the minimum of the apparent 
viscosity curves. Artelt et al. have correlated the range of shear forces that typically impact the 
fresh concrete when applying typical industrial test methods or processing steps [6]. According 
to them, segregation occurs at virtually non-existent shear rates. At shear rates below around 
0.1 s-1, concrete stops to flow visibly. For practically relevant concrete processing steps like 
placement, finishing and handling, the applied shear forces are estimated to be in the range of 
10 - 30 s-1, which is similar to the shear forces in V-funnel or L-box tests. However, concrete 
also exhibits a pronounced thixotropic behavior. External shear forces degrade the colloidal 
network formed in fresh concrete, resulting in a decrease of the viscosity. After a certain time, 
the network has degraded completely and the viscosity reaches its minimum. However, this 
thixotropic behavior is reversible. As soon as the concrete is put to a rest, the intercolloidal 
network starts to reestablish itself. Theoretically, the viscosity should rise until its initial value 
has been reached. In practice, the final viscosity will be higher than its initial value, due to the 
ongoing hydrates nucleation [7]. In addition these hydration products increase the surface 
roughness of the particles, which leads to stronger contact interactions. Consequently, it is only 
possible to compare values for the plastic viscosities of different concretes if they all have been 
determined at the same stage of the thixotropic effect, ideally in a stage were all colloidal 
networks are disrupted.  

In a previous work [8] it was reported that PAE and SMD are able to considerably decelerate 
the colloidal network reformation when compared to PCE. This was proven by applying an 
experimental setup, in which the colloidal network formation was subsequently completely 
destroyed by applying high shear stress followed by a period of rest. After destroying the 
colloidal network, the sample was always treated with a very low shear rate of 0.5 s-1 in order 
to minimize the plastic viscosity contribution. The shear stress was therefore a more or less pure 
static yield stress response. The thixotropy can be determined as the first derivative of the yield 
stress as a function of time. As can be seen in figure 4, the yield stress derived from the shear 
stress recordings increases over time. However, the slope decreases when comparing the first 
period of rest (0-30 s) with the second period of rest (30 - 120 s). Moreover, it becomes obvious 
that PAE exhibits the lowest slope and therefore the lowest thixotropy (Figure 4). 

5



Figure 4: Correlation between shear stress and time at rest for different superplasticizer types, 
applied at two different dosages 

In other words, stiffening of the mortar (increase of the yield stress) over time is much less 
pronounced if PAE and SMD are used as plasticizers. Both SMD and PAE are able to 
significantly reduce the thixotropy of mortar and concrete compared to PCE. However, in terms 
of practical use PAE offers two important benefits: PAE is significantly more dose efficient 
and, even more important, it is much less retarding compared to SMD. PAE delivers superior 
early compressive strength: While the 24 h strength could not be tested in case of the SMD-
containing concrete (mixture 4), the PAE-containing concrete (mixture 5) already exhibited a 
compressive strength of 9.9 MPa. 

In this work we investigate if the results found for mortar are also valid for concrete. We 
compare the rheology of concretes prepared with PAE and SMD with PCE by utilizing V-
funnel or L-box tests, which give a rather rough qualitative assessment of the plastic viscosity, 
as well as by employing a concrete rheometer and tribometer. The latter are much better suited 
for the measurement of the plastic viscosity of concrete, as they allow applying defined shear 
forces and viscosity measurements without significant time lapse. 

3. RESEARCH SIGNIFICANCE
The introduction polycarboxylate ethers (PCE) in the mid 1980ies, was the last major 

technological breakthrough in the field of admixtures and established new “superplasticizer” 
performance levels for water reduction and workability retention. About 30 years later BASF 
introduces an entirely new superplasticizer technology: Phosphate-functionalized Polyaryl 
ethers (PAE) offer state of the art water reduction and outperform most PCE in reducing the 
stickiness and tenacity of modern SCM based concretes. This work aims toward comparing the 
influence PAE, SMD and PCE superplasticizers on the rheology of concrete by using industrial 
V-funnel and L-box as well as a concrete rheometer and a tribometer. 
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4. EXPERIMENTAL INVESTIGATION

4.1 Materials and mixture proportions 
All concrete mixture proportions used in this work are summarized in table 1. Ordinary 

Portland cements were used for the concretes. Aggregate grading was in between grading curve 
A and B according to DIN EN 1045-2. The maximum grain size Dmax was 16 mm.  

The superplasticizers PCE and PAE were characterized by having relatively short side 
chains. However, the side charge density was lower in the case of PAE. For comparison a small 
molecule dispersant (SMD) was also tested. It consisted of a long polyether chain with one 
chain end being functionalized with four anionic moieties. The admixtures dosages were 
adjusted to achieve a comparable initial slump flow. All dosages are based on solid content of 
admixture by weight of cement. The air content has been kept constant in a range of 2 to 2.5%. 

Concrete slump flow tests were carried out according to DIN EN 12350-5 and V-Funnel 
tests according to the EFNARC_SCC Guidelines, May 2005 47-56 [9]. 

Table 1: Overview of the concrete mixture proportions used in this work: 

1Siliceous Fly ash: Blaine 4050 cm2/g, density 2.27 kg/l; 2Slag: Blaine = 4250 cm2/g, density 
= 2.91 kg/l; 3Limestone powder: Blaine = 5750 cm2/g, density = 2.71 kg/l. 4Admixture 
dosages are given in % solid content by weight of cement. 

For the rheological measurements a simple mortar consisting of 50 wt.% CEM I 52.5 N (see 
table 1) and 50 wt.% fine quartz sand with a maximum particle size of 0.5 mm was used. The 
W/C was 0.35. 

4.2 Experimental results 
Starting point of this work was the observation that concrete prepared with PAE and SMD 

appeared to be much less sticky and tenacious compared to concrete prepared with a 
conventional PCE, despite showing the same flow behavior in conventional slump tests. Figure 
5 shows a typical concrete test result. They turned out to be quite different for the three 
superplasticizer types. PCE had the lowest dosage requirement of 0.48% by weight of cement; 
PAE required 0.68% and the SMD had the highest dosage 0.99%. For the first 10 min, all three 
admixtures were able to retain the workability at the initial level. After 10 min, the concrete 
made with PCE started to lose its flow ability, whereas PAE and SMD did not show a drop of 
workability. 
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Figure 5: Slump flow behavior and V-funnel times for concrete prepared with PCE, PAE 
and SMD (concrete mixtures 1, 2, 3) 

The lower dose efficiency of PAE compared to PCE can most likely be attributed to its lower 
charge density, which leads to a slower adsorption. Thus, PAE is able to cover freshly formed 
surfaces as they appear in the course of the hydration process. In the case of SMD, the 
adsorption is not sterically hindered since the anionic part is freely accessible, yet the affinity 
of the SMD to the cement surface is lower compared to PCE and PAE. We believe this can be 
explained by the fact that PCE and PAE have many more anchoring units per molecule 
compared to SMD, which leads to a synergistic effect on the strength of adsorption. As long as 
a polymer is adsorbed by a part of its backbone, it is unable to move away from the surface. 
The probability of losing the complete surface contact is therefore much lower for a 
polyelectrolyte (e.g. PCE, PAE) compared to a SMD. 

Consequently, SMD require a higher dosage in order to shift the equilibrium between 
adsorbed and desorbed SMD towards a higher degree of adsorption. As with PAE, the initial 
surplus of desorbed SMD helps to maintain the flow ability over time. 

A first series of experiments was carried out in mortar. The mortar was mixed in an ordinary 
laboratory mixer. The dry constituents were homogenized for 60 s after which the water and 
superplasticizer were added and mixed for 90 s. Following a break of 90 s, the mortar was 
mixed for 60 s. The slump flow was determined immediately after mixing, followed by the 
rheological measurement. A rotational rheometer Rheotest RN 4 with vane geometry was used 
to evaluate the rheological properties. A shear rate profile with linearly increasing shear rate up 
to 100 s-1 over a time of 200 s and afterwards linearly decreasing shear rate over another 200 s 
was applied. 

The yield stress was calculated trough the Bingham model using a typical shear stress versus 
shear rate plot (Figure 6). The apparent viscosity was calculated at a selected shear rate of 
10 s-1 (Figure 4). Upon increase of the polymer dosage yield stress and apparent viscosity 
decreases. 
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Figure 6: Shear stress of a mortar with different dosages of PAE depending on the shear rate. 

Like with the concrete tests, the dosages of the admixtures were adjusted to achieve a 
comparable initial slump flow with the flow-tube (d/h = 3/5 cm) of 13 ± 0.5 cm immediately 
after mixing. As shown in Figure 7, the mortar prepared with PCE exhibited a higher apparent 
viscosity than the ones prepared with PAE and SMD. However, it must be noted that there is a 
time gap of approximately 400 s between slump flow and apparent viscosity measurements. 

Figure 7: Apparent viscosity at constant slump flow 

In order to eliminate the above mentioned time gap, the mortars were compared at the same 
yield stress (Figure 8, right). Surprisingly, in this experiment all three mortars exhibited 
virtually the same apparent viscosity at the selected shear rate of 10 s-1 (Figure 8, left). 
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Figure 8: Apparent viscosity at constant yield stress 

Now, the question had to be answered why PCE should develop a higher yield stress in 
comparison to a PAE or SMD within 400 s after showing a constant slump flow. This behavior 
can be related to two effects that are a consequence of the inevitable time lapse between mixing 
and testing. In this time gap, only low shear forces occur. The first effect is the partial 
reestablishment of the colloidal networks that had been deteriorated by mixing (thixotropy of 
cement paste [2]). A second effect is the consumption of water due to hydration reactions. Both 
effects lead to a higher yield stress and apparent viscosity. 

For proving the first hypothesis of thixotropy and observing the formation of a network in 
time at rest, a second shear rate program was used (Figure 9). 

Figure 9: Shear rate profile for detection of shear stress depending on time at rest. 
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In the first step, the network formation was completely destroyed by applying high shear 
stress. Then, the sample was treated with a very low shear rate of 0.5 s-1 in order to determine 
the shear stress at the starting point (t = 0 s). Owing to the low shear rate, the measured shear 
stress is mainly due to the static yield stress of the mortar. The sample was then left at rest for 
30 s and the shear stress was again recorded for 10 s. After that, the sample was again allowed 
to rest until 120 s and again the shear stress was recorded. The first derivative of the yield stress 
as a function of time is a measure of the thixotropy Athix. 

As can be seen in the lower right plot of figure 10, the yield stress derived from the shear 
stress recordings increases over time and exhibits a change in slope from 0 to 30 s compared to 
30 - 120 s, due to above mentioned effects. Above described test regime allows now to 
distinguish the behavior of the three different superplasticizer types (Figure 10). 

Figure 10: Correlation between shear stress and time at rest for different superplasticizer types 

Starting at a shear stress of 25 Pa for all mortar slurries (encircled reading point), the gradient 
of the slope can now be compared for the three different superplasticizer types. It can be clearly 
seen that the slope of the curves for different PCE dosages are significantly steeper compared 
to the curves for SMD and PAE. In other words, stiffening of the mortar (increase of the yield 
stress) over time is much less pronounced if PAE and SMD are used as plasticizers. Both SMD 
and PAE are able to significantly reduce the thixotropy of mortar and concrete. However, in 
terms of practical use PAE offers two important benefits: PAE is significantly more dose 
efficient and, even more important, it is much less retarding compared to SMD. PAE thus 
delivers superior early compressive strength: While the 24 h strength was not testable in case 
of the SMD-containing concrete (mixture 4), the PAE-containing concrete (mixture 5) already 
exhibited a compressive strength of 9.9 MPa.  

5. CONCLUSIONS
PAE, a novel class of superplasticizers, has been developed by BASF. PAE features a comb 

polymer structure like PCE, but exhibits an aromatic backbone. PAEs can be tailored to 
different customer needs. They can either act as water reducer or workability retainer, 
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depending on what side chain length and charge density have been realized in the comb polymer 
structure. What really differentiates PAE from conventional PCE is the capability of PAE to 
significantly reduce the “stickiness” of concrete. Especially concretes with high SCM content, 
used to improve the carbon footprint of concrete, often appear sticky and tenacious. In this work 
we elaborated that the loss off stickiness in case of use of PAE can be traced back to a reduction 
of the plastic viscosity. This is remarkable, as conventional superplasticizers are only able to 
reduce the yield stress of concrete. Plastic viscosity of concrete is not properly detectable by 
using slump flow tests. A full differentiation of yield stress and plastic viscosity is only possible 
by means of a concrete rheometer.  

However, qualitative measurement of rheological properties by tests like by the V-funnel, 
L-Box and T50 tests clealy support relevance of the rheological measurement for practical 
applications: Concretes prepared with PAE are easier to place, easier to pump and provide 
easier surface finishing. For ready mix concrete application these properties can be maintained 
over extendet times: Workability retention AND rheology retention are achieved in 
combination with excellent early strength development.   
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