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Universitat Politècnica de Catalunya, Department of Construction Engineering, School of Civil Engineering (ETSECCPB), Jordi Girona 1-3,

Edificio C-1, E-08034 Barcelona, Spain

Received 7 July 2000; accepted 26 July 2001

Abstract

Melamine and naphthalene-based superplasticizers have been used, over the past few decades, in order to improve the workability of

concrete. Recently, more efficient copolymer formulations have been introduced for the same purpose. However, the influence of these

chemical admixtures on the microstructure of the hardened concrete and, consequently, on its properties still needs to be extensively

evaluated. Accordingly, the present work analyzes the hydration characteristics of cement pastes with naphthalene, melamine and copolymer-

based superplasticizers, using the techniques of X-ray diffraction (XRD) and nuclear magnetic resonance (NMR), up to the age of 28 days.

The results indicate a significant influence of the superplasticizer on the growth rates of the hydrates and on the state of polymerization of the

silicates. D 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Superplasticizers are incorporated in concrete mainly to

modify its properties in the fresh state, and more specifically

to yield high workability at low water/cement ratios. Sub-

sequently, after the setting of the cement, the superplastici-

zer is not expected to affect the properties of the concrete

significantly. Nevertheless, the influence of the superplasti-

cizer on the characteristics of the hardening and hardened

concrete is largely unclear. A better understanding of these

aspects is, therefore, essential for further improvement of

these admixtures and for analyzing the long-term properties

of the concrete. Along these lines, the influence of the

incorporation of the superplasticizer on cement paste, and

more precisely, on its hydration processes, is studied in the

present work.

The present study deals with the analysis of cement

pastes using 29Si nuclear magnetic resonance (NMR) and

X-ray diffraction (XRD) techniques. The complementary

use of these approaches can be expected to provide a more

complete picture of the hydration processes with respect to

the consumption of the crystalline anhydrous phases of the

cement during hydration, as well as the formation of the

crystalline hydrates and the amorphous C–S–H.

Four superplasticizers have been used and the observa-

tions were made on the superplasticized pastes, along with a

reference paste, at several ages: 15 min after mixing, during

setting and at the ages of 2, 7, 14 and 28 days. The pastes

incorporated the maximum superplasticizer dosage, defined

in terms of the saturation dosage determined in the Marsh

cone test.

2. Materials used

Cement of type CEM I 52.5 R (as in European Standard

ENV 197-1:92), with the composition and properties shown

in Table 1, was used in the study, along with four commer-

cially available superplasticizers, designated as SN, SM, SC

and SMN (see Table 2). The superplasticizer dosages are

specified in this study as the solid superplasticizer/cement
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ratios (sp/c), by weight, and the water contained in the

superplasticizer is taken into account in the water/cement

ratio (w/c), which was maintained as 0.33. The pastes are

labeled according to the superplasticizer that they contain.

Along with these cement paste systems, a reference paste,

without any superplasticizer, was also characterized.

The dosage of each superplasticizer was obtained as the

saturation point in the Marsh cone test [1,2]. The apparatus

consists of an inverted hollow metal cone with an opening

of 8 mm at the bottom. A fixed volume of paste (800 ml)

is poured into the cone and the time taken for 200 ml to

flow through it is determined. Tests are performed on

pastes with increasing superplasticizer dosage, and the

flow times are plotted with respect to sp/c. The plots

reflect the decrease in flow time (or the increase in fluidity)

until the saturation dosage, beyond which the flow time

does not change significantly. Accordingly, the saturation

dosage of the superplasticizer has been chosen for each of

the pastes studied in order to compare their behaviors at

the maximum fluidity.

The pastes were mixed in a 5-liter Hobart-type blender

with two velocities, 120 rpm (high) and 60 rpm (low). The

following mixing sequence was used: the cement was

mixed with a fixed quantity of water (corresponding to

w/c = 0.245) at low speed for 2 min; then, the superplasti-

cizer and the remaining water were added and mixed for

0.5 min at low speed and for 2.5 more minutes at high

speed. Fig. 1 gives the curves obtained for all the cement

paste systems showing the evolution of the Marsh cone

flow time as a function of the superplasticizer dosage. The

corresponding saturation superplasticizer dosages in the

pastes SN, SM, SC and SMN are sp/c = 1%, 1.5%, 0.3%

and 1%, respectively.

Samples of each paste were taken at the ages of 15 min,

2, 7, 14 and 28 days. In addition, another sample was taken

during setting, at the age denoted here as the half-setting

time, which corresponds to a Vicat penetration [3] reading

of 20 mm, using a needle with a diameter of 1.13 mm and a

weight of 300 g, at a temperature of 20 �C. The half-setting
times for the reference paste and the superplasticized pastes

SN, SM, SC and SMN are 160, 480, 460, 730 and 500 min,

respectively. Note that the half-setting times clearly reflect

the retarding effect of the superplasticizer on the setting of

the cement, with the superplasticizer SC leading to more

retardation than the others.

For the analyses, the samples were ground in an agate

mortar and immersed in acetone during 45 s, rinsed twice in

ethanol and then maintained in the same, with the aim of

preventing further hydration, by removing the evaporable

water. Just before each analysis, the samples were dried in

an oven at 60 �C.

Table 1

Properties of the cement used

Chemical composition (%)

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O LOIa Cl �

20.18 5.47 3.48 63.05 1.81 3.25 0.15 0.86 1.76 0.01

Mineralogical composition (%)

C3S C2S C3A C4AF Na2O equivalent

52.33 18.38 8.6 10.59 0.71

Physical properties

Blaine fineness

(cm2/g)

Specific gravity

(kg/m3)

Initial setting time

(min)

Final setting time

(min)

4250 3150 100 150

a Loss on ignition.

Table 2

Characteristics of the superplasticizers used

Designation SN SM SC SMN

Type Naphthalene sulfonic

acid based

Melamine sulfonic

acid based

Polycarboxylic

acid based

Melamine–naphthalene

based blend

Density (g/cm3) 1.18 1.25 1.08 1.20

Solid content (%) 35 40 31 39.5

Range of dosage recommended by supplier (by weight of cement) 0.18–0.7% 0.6–1.2% 0.1–0.3% data unavailable

Fig. 1. Determination of the saturation dosage for SN, SM, SC and

SMN pastes.
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3. 29Si NMR

29Si magic angle spinning (MAS) NMR spectroscopy is

a technique used to characterize the state of polymerization

of the silicates (i.e., tetrahedral SiO4
4� ) in the cement paste

[4]. The individual tetrahedrons (called monomers and

designated as Q0) of the anhydrous silicate phases of the

cement (i.e., C3S, C2S) are transformed due to hydration

into C–S–H gel, through silicate polymerization. In this

process, the tetrahedrons connect through their oxygen

atoms giving rise to polymeric states, known as dimers

(Q1) and polymeric chains (Q2). Each of these states

reflects the degree of polymerization of the silicates in the

paste, and is identified by a peak in the NMR spectrum,

when plotted as a function of the chemical shift, which

represents the relative shift with respect to the frequency of

absorption of the 29Si (i.e., 59.63 MHz).

Here, a Bruker AMX 300 MHz solid-state high-resolu-

tion spectrometer with thick-wall zirconia rotors, rotating at

3800 Hz, was used to carry out the 29Si MAS NMR analysis

of the pastes. Tests were performed on pastes at the half-

setting time, 2, 7 and 28 days.

Fig. 2 shows the 29Si NMR spectra of the reference

cement paste along with those of the superplasticized pastes

SN, SM, SC and SMN. Two peaks can be identified in each

of the plots corresponding to Q0, in the chemical shift range

of � 66 to � 74 ppm, and Q1, in the range of � 75 to � 82

ppm, respectively. The plots show that the amount of dimers

gradually increases during the first 28 days, with a reduction

of the monomeric silicate. Note that no Q2 was detected in

the spectra.

Since the peaks in the NMR spectra overlap, a semi-

quantitative method is used to analyze the curves obtained at

different ages. The areas of the Q0 and Q1 peaks for each

spectrum, denoted respectively as A0 and A1, are separated

by drawing a vertical line through the valley, as in Fig. 3.

The relative area of the Q1 peak (A1/A0) obtained for each

paste is given in Table 3. It can be observed that the

superplasticizer has some effect on the polymerization of

the silicates during the hydration process. Its incorporation

appears to lead to the formation of a lower amount of dimers

(i.e., Q1) beyond the age of 2 days, reflected by lower A1/A0

areas in all the superplasticized pastes, when compared with

the reference paste. For example, at 28 days, the degree of

polymerization in the pastes SN, SM, SC and SMN, as

represented by the A1/A0 area, is 19%, 21%, 11% and 12%

lower than in the reference paste, respectively.

On the other hand, in the SC paste, the formation of

dimers can be detected during the setting process itself.

Also, the SC paste shows the highest increase of the relative

area of Q1 between 2 and 7 days, indicating a higher rate of

formation of C–S–H.

4. XRD

XRD is used to identify the polycrystalline phases of

cement and hardened cement paste through the recognition

of the X-ray patterns that are unique for each of the

crystalline phases [5]. Consequently, this technique allows

the detection of ettringite (AFt), monosulfate (AFm) and

portlandite (CH) and the consumption of the anhydrous

phases of the cement (i.e., gypsum, C3S, C2S, C3A and

C4AF), as well as the formation of amorphous C–S–H,

which is indicated by an upward shift of the diffractogram.

The qualitative XRD analyses were performed in a Sie-

mens D-500 X-Ray Powder Diffractometer with a scintilla-

tion counter and graphite secondary monochromator. In this

apparatus, the KaCu (l = 1.5418 Å) radiation is generated in

a Cu tube at 30 mA and 40 kV. The tests were performed

over a Bragg angle (2q) range of 4–70�, using an angular

Fig. 2. 29Si MAS NMR spectra of reference, SN, SM, SC and SMN pastes

at half-setting time, 2, 7 and 28 days.

Fig. 3. Integration method for analyzing the 29Si MAS NMR spectra.

Table 3

Relative area A1/A0 at different ages

Paste

Age of the paste Reference SN SM SC SMN

Half-setting time 0 0 0 0.52 0

2 days 0.80 0.72 0.63 0.68 0.69

7 days 0.98 0.75 0.69 0.87 0.83

28 days 0.99 0.80 0.78 0.88 0.87

J. Roncero et al. / Cement and Concrete Research 32 (2002) 103–108 105



velocity of 0.05� per 3 s on the samples corresponding to the

ages of 15 min, half-setting time, 2, 7, 14 and 28 days.

The relative evolution, with age, of the crystalline phases

identified in the diffractograms of the different pastes is

summarized in Table 4. The principal components of the

anhydrous cement (i.e., C3S, C2S, C3A and C4AF) have

been identified at all the ages studied. Ettringite was

detected at the half-setting time since it forms immediately

after the mixing of water and cement, while portlandite is

detected in samples that are older than 2 days. In the case of

the C2S phase, the peaks of maximum intensity overlap with

those of C3S, making the determination of its evolution

difficult. Therefore, their trends are reported jointly in the

table. Gypsum is detected during setting but after two days

the sulfates are mainly in the form of ettringite.

The results show some qualitative differences in the

hydration rate due to the incorporation of superplasticizers.

In the SC paste, the formation of portlandite can be detected

at the half-setting time, as seen in Fig. 4, while in the other

pastes, portlandite was not observed until the age of 2 days.

The rate of formation of portlandite in the SC paste is also

higher between 2 and 7 days, indicating faster growth of the

C–S–H phase.

The incorporation of superplasticizer also leads to a

higher rate of the primary growth of ettringite, as shown

by the results obtained at the age of 15 min. On the other

hand, in the reference paste, no primary growth of ettringite

was detected by XRD. Another difference that can be

observed in the table is a faster secondary formation of

ettringite in the SN and SM pastes, at least up to 7 days.

With regards to the consumption of gypsum, it can be

observed that the incorporation of superplasticizer SM leads

to the fastest decrease in the gypsum content. Also, a

decrease in AFt can be observed in the SN, SMN and SM

pastes between 7 and 14 days. Though this is related to the

formation of the monosulfate (AFm), none of it was detected

in any of the pastes studied, up to 28 days, probably due to

its presence in very small quantities [6].

5. Discussion

The incorporation of a superplasticizer in cement paste

clearly affects the rate of formation of the hydrates, both the

amorphous C–S–H and the crystalline phases, as seen in

the results of the NMR and XRD analyses.

In the NMR study, a lower polymerization of the sili-

cates has been observed in the presence of the super-

plasticizer, which is reflected by a lower proportion of

dimers (Q1) at the ages of 2–28 days. Yousuf et al. [7]

Table 4

Relative evolution of the crystalline phases with age

Age C3S, C2S C3A C4AF Gypsum Ettringite Portlandite

Reference 15 min P P P P A A

Half-setting P P P P# P A

2 days P## P# P# A P P

7 days P# P P A P P"
14 days P P## P A P P

28 days P# A P# A P P

SN 15 min P P P P T A

Half-setting P# P## P P T A

2 days P# P P T P" P

7 days P P P A P" P

14 days P P P# A P# P

28 days P## A P# A P" P"
SM Half-setting P P P T T A

2 days P# P P T P" P

7 days P## P# P# A P" P

14 days P# P## P A P# P

28 days P# T P# A P# P

SC 15 min P P P P T A

Half-setting P# P P P# P P

2 days P## P P A P P""
7 days P# P P A P" P""
14 days P# P P A P P

28 days P# T P## A P P"
SMN 15 min P P P P T A

Half-setting P# P# P P## T A

2 days P## T P# A P P

7 days P# T P A P# P

14 days P# A P# A P" P

28 days P# A P A P# P

"# Increase or decrease of the phase, respectively, with reference to the previous age.

Abbreviations: P, present; A, absent; T, traces.
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reported similar trends with a lignosulfonate plasticizer.

Since the formation of dimers is indicative of the formation

of C–S–H gel, the lower proportion of dimers implies

lesser C–S–H formation, at early ages, when a super-

plasticizer is incorporated. This is in accordance with the

conclusion of Legrand and Wirquin [8] that the incorpora-

tion of the superplasticizer leads to lower amount of

hydrates for the same strengths, due to a better dispersion

of the cement particles.

Interestingly, the beginning of dimer formation in the SC

paste was detected during setting (i.e., at the half-setting

time). This implies an accelerated formation of C–S–H that

is confirmed by the early formation of portlandite detected

in the XRD analysis. Though all the pastes had the same

penetration resistance (i.e., 20 mm in the Vicat apparatus) at

half-setting time, the degree of hydration can vary from one

paste to another; for example, the accelerated formation of

C–S–H was detected only in the SC paste. This seems to

confirm the absence of a direct relationship between the

setting process, as measured through Vicat penetration, and

the state of hydration [9].

With regards to the formation of ettringite in the early

stages of hydration, the XRD analysis indicates the influ-

ence of the superplasticizer as early as the age of 15 min,

when AFt is detected in the superplasticized pastes. Also,

more rapid growth of ettringite can be observed in the SN

and SM pastes up to 7 days. The influence of the super-

plasticizer on ettringite formation may reflect its effect on

the equilibrium between sulfates and C3A in the pore

solution as proposed by previous researchers [10–13].

6. Conclusions

The combined use of NMR and XRD is helpful in

evaluating the hydration products, more than the individual

use of any of the methods. The NMR technique allows the

study of the state of polymerization of the silicates while the

XRD analysis characterizes the crystalline anhydrous phases

and hydrates. In the context of the materials and variables

studied in the present work, the following conclusions can

be drawn from the results obtained:� The incorporation of superplasticizer in cement paste

clearly influences the hydration process, especially the

growth rate of the hydrates.� The formation of C–S–H gel is affected by the

superplasticizer, causing a lower amount of polymer-

ized silicates, which is indicative of lower C–S–H

gel formation.� The formation of C–S–H is initiated earlier in the SC

paste as demonstrated by the detection of silicate

polymerization during the setting process in the

NMR analysis and the detection of portlandite in the

XRD analysis.

Fig. 4. XRD plots of the reference and SC pastes at the half-setting time.
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� The incorporation of the superplasticizer clearly alters

the growth rate of ettringite. At the age of 15 min, no

AFt was detected in the XRD analysis of the reference

paste whereas it was observed in all the superplasti-

cized pastes, implying the accelerated formation of

this phase. Also, secondary growth of ettringite is

more evident in pastes with superplasticizer, espe-

cially in the SN and SM pastes.
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