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Abstract

Proton spin± lattice relaxation, compressive strength, and water tightness measurements have been undertaken in order to study the

hydration process and the mechanical properties of Portland cement modified with a calcium sulfoaluminate-based expansive additive

(EXPAD). The compression strength of the modified cement was more than 70% higher while water permeability was about 60% smaller

than in the unmodified cement. Magnetization±recovery curves analysis allowed for a time-resolved monitoring of both the increase of the

internal surface as well as the formation of solid products during the hydration. A significant difference between the hydration kinetics of

modified and unmodified cement was observed. D 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Though the use of hydraulic cement [1] as a waterproof

binder of mortar or concrete goes back to the Roman

Empire, the hydration and hardening process are still not

very well understood and more work has to be done for the

clarification of the mechanism of solidification. Even

though the application properties of Portland cement have

been improved with respect to its compressive strength,

there are still intrinsic disadvantages connected with stiff-

ness, tensile strength, fracture toughness, and creep proper-

ties, which have not yet been completely overcome.

It is of prime importance for the construction industry in

general to further improve and develop strong ordinary

Portland cement-based binder materials with the addition

of various additives that may improve the final performance.

It has been proved [2] that several additives like clays,

organic solutions, kiln-dust, etc., when added (co-ground)

with the clinker, increase the compressive strength and/or

decrease the permeability of the material. Admixtures fre-

quently used in the cement industry also include calcium

chloride, air entraining agents, set retarders, water reducers,

corrosion inhibitors, color pigments, etc. Among various

admixtures, expansive additives are especially interesting.

They are used to achieve either nonshrinkage cements,

where the degree of expansion is just enough to offset

shrinkage, or expansive cements, where expansion of a

few percent can used for chemical prestressed concrete,

when properly restricted.

The expansive additive EXPAD (produced by the

NIIZhB Institute, Moscow, Russia) has been reported

[3,4] to successfully increase water tightness, tensile

strength, crack resistance and durability of concrete and

reinforced concrete structures. It is widely used for

monolithic concrete constructions, for manufacture of

prefabricated concrete constructions, and for repair work.

The sulfoaluminate-based EXPAD ensures the expansion

due to chemical interaction of aluminate and sulfate

phases of the binder components. As a result ettringite

(3CaO�Al2O3�3CaSO4�31H2O) is formed. The needle-
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shaped crystals of ettringite penetrate the body of the

cement stone, fill its pores and increase the density of the

hydrated material. Hardening and compactness of the

structure of hydro-silica component increase the strength

of the cement stone. The special feature of the expansive

additive EXPAD is that they can be obtained both by

calcination technology and without calcination. Natural

materials and industrial byproducts (waste materials) can

be used as the raw material for their production.

When using a new admixture with a given cement, it is

always important to ensure the compatibility of the

selected cement and the admixture. For example, a recent

nuclear magnetic resonance (NMR) study of hydration

kinetics of three different high-range water-reducing

admixtures with five different Portland cements showed

that selected mixtures had a very different effect on a

particular cement [5]. In order to add some additional

information on the quality and properties of EXPAD

modified cement and to compare its hydration kinetics to

that of nonmodified Portland cement, we decided to

undergo a series of NMR, mechanical strength, and perme-

ability measurements.

2. Theory of NMR relaxation in a hydrating cement

paste

The use of NMR as a tool for the study of porous systems

like sandstones, zeolites, clays, and various cementitious

materials is now a well-established experimental technique.

Here we apply this technique to study the details of the

hydration process in the self-stressing cement based on the

EXPAD additive and to compare the results with those of

classical Portland cement.

It is known that measurements of the NMR spin±lattice

relaxation time T1 of protons of exchangeable water in

hydrating cement pastes offer a convenient tool for follow-

ing the development of hydration process of cement [2,5±

15]. There are of course several methods to measure the

specific internal surface of cement (Blain, Hg, etc.), but

besides small angle scattering (SANS and SAXS) [12],

NMR T1 is the only method that allows for a continuous

and nondestructive determination of the internal surface of

the CSH gel, which is directly related to the strength of the

hydrating cement paste [8].

During the hydration process, part of the water enters the

structure of the newly formed minerals, while the exchange-

able water (i.e. interlayer, micropore, and gel adsorbed)

remains in a liquid-like phase in close contact with the

gel surface.

Due to the fast (on the T1 time-scale) exchange of `̀ free''

water and of water bonded to the gel surface, the spin±

lattice relaxation rate 1/T1 of the exchangeable water can be

written as Eq. (1) [7]

Tÿ1
1 � �Tÿ1

1 �bonded h� �Tÿ1
1 �free �1ÿ h�: �1�

Here h is the fraction of bonded molecules h = hbonded/

(hbonded + hfree).

Assuming spherical pores of radius R as well as that

bonded water molecules form a layer of thickness k, one

finds that h for a given pore may be written [7] as

h � kS=V � 3k=R: �2�
Here S/V is the pore surface to volume ratio.

Since (T1
ÿ 1)bonded� (T1

ÿ 1)free the relaxation rate can

be approximated as

Tÿ1
1 � �3k=R��Tÿ1

1 �bonded: �3�
It should be noted that (T1)bonded is Larmor frequency

dependent and generally increases with increasing Larmor

frequency [7]. In the special case of relaxation via fast

diffusion in internal magnetic field gradients due to the

water±cement interface [7] one finds, on the other hand,

that T1 decreases with increasing Larmor frequency wL in

the fast motion regime wLt�1, whereas it is Larmor

frequency independent in the slow motion regime wLt�1.

Eqs. (2) and (3) show that the fraction of bonded

molecules h that is proportional to the pore surface to

volume ratio S/V, together with (T1
ÿ 1)bonded determines

the experimentally observed T1 in hydrating cement paste.

The thickness of the surface layer k occurring in Eq. (2) is

generally assumed to be of the order 2±3 AÊ .

The time evolution of T1 thus reflects the increase in the

active gel±pore water interface and the change in the

geometry of the surface of the newly formed hydration

products Eq. (4) [7],

Tÿ1
1 � �Tÿ1

1 �bonded h / kS=V : �4�
By measuring the proton spin±lattice relaxation rate one can

thus monitor the increase in the internal surface of cement

paste, S, which in turn determines its mechanical properties.

Another important information, which can be obtained

by NMR spin±lattice relaxation measurements, is the form

of the magnetization recovery function M(t). In cement we

generally deal with a distribution of pore sizes with different

surface to volume ratios. This leads to Eq. (5)

M�t� ÿM0 /
Z

W �T1�exp�ÿt=T1�dT1; �5�

resulting in a nonexponential form of the magnetization

recovery function M(t). The magnetization recovery func-

tion M(t) is thus the Laplace transform of the spin±lattice

relaxation time distribution function W(T1), which is related

to the pore size distribution P(R) by Eq. (6)

W �T1�dT1 � P�R�dR: �6�
With the help of expression (3) we find P(R) as [Eq. (7)]

P�R� � �T1�bonded=3k �W �T1�
� �T1�bonded

3k
W �R=�3k��T1�bonded�: �7�
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Pore size distribution is thus proportional to scaled T1

distribution. By determining precisely the thickness of the

surface layer k and the surface-induced spin±lattice relaxa-

tion time (T1)bonded, one can in principle obtain P(R) from

the measured magnetization recovery function M(t). Unfor-

tunately the inverse Laplace transform is numerically

unstable and some models for M(t) or W(T1) usually have

to be applied, e.g. by supposing that W(T1) can be repre-

sented as a sum of log-Gaussian distributions. The spin-

grouping [15] method, on the other hand, relies on a

simultaneous discrete multicomponent analysis of both

longitudinal and transverse magnetization decays to obtain

the fraction of protons in different phases, but neglects that

the liquid component itself contains a distribution of

relaxation times, which is related to the pore size distribu-

tion P(R). Both approaches require prolonged measure-

ments in order to acquire reliable results and usually

cannot be used for kinetic studies of fast setting cements.

Another approach is to determine the mean and the variance

of T1 only [13]. In present study we find, in agreement with

Ref. [7], that the nonexponential form of exchangeable

water part of M(t) is well approximated by stretched

exponential function [Eq. (8)] [7]

M�t� ÿM0 / exp�ÿ�t=T�1 �a� �8�
in the whole hydration time range (see Fig. 1). One should

note that T1
� and a have a related, but not equivalent

meaning as mean and variance of T1 in Ref. [13]. The

stretched exponent a is related to the distribution width of

W(T1). It is equal to 1 in the initial stages of hydration when

the relaxation is of a mono exponential type and approaches

0.5 as the W(T1) distribution broadens in later stages of

hydration. In addition to this so-called `̀ liquid'' part of the

magnetization M(liquid), a part of the NMR signals comes

from some of the chemically bounded water protons as a

consequence of water reacting into solid products at a later

stage of hydration. This so-called `̀ solid component''

M(solid) is characterized by a rather long spin±lattice

relaxation time [14] of the order of 1 s and a very short

spin±spin relaxation time T2 of the order of 20 ms. The T1

and T2 difference between the solid and liquid component

enables one to separately observe the two components by

measuring either T1 or T2 weighted spectra [14]. In the case

of a nonweighted pulse sequence, both exchangeable-water

and solid components of the signal are observed simulta-

neously and the complete magnetization±recovery function

M(t) is written as

M�t� � M0 ÿM0�liquid�exp�ÿ�t=T �1 �a�
ÿM0�solid�exp�ÿt=T1�solid��: �9�

3. Experimental work

3.1. Mechanical measurements

For 10 dm3 of concrete we have mixed 7.5 kg of sand, 11

kg of crushed gravel (with granulation up to 8 mm), 2 l of

water, 3.4 kg cement (standard PC45z15), and 0.4 kg of

additive. For the reference a sample with 3.8 kg of cement

and no additive was also tested. During the casting samples

were vibrated with an actuator.

Molds were disassembled 24 h after the casting. Speci-

mens were then immersed into water for 14 days, and

afterwards stored at room conditions (T = 23°C, and

RH = 60%) until testing. Mechanical measurements were

performed 28 days after the casting.

3.2. Water-tightness measurements

Water-tightness tests were performed according to

standard GOST 12730.5-84. The GOST 12730.5-84 stan-

Fig. 1. Spin± lattice relaxation measurements of the hydration of EXPAD

modified Portland cement at th = 1 h (left column) and at th = 3 days (right

column). (a) Magnetization± recovery curves M(t). The solid lines are fits to

Eq. (9). (b) log(M(liquid)) vs. (t/T1*)a plot for the normalized `̀ liquid-part'' of

the magnetization M(liquid)=(MÿM0ÿM(solid))/M0. Here a = 1 for th = 1 h

and a = 0.6 for th = 3 days. (c) The spin± lattice relaxation time distribution

W(T1) vs. T1. For th = 1 h (dormant period) the relaxation is mono-

exponential and W(T1) consists of a single d-function. For th = 3 days the

there is a broad `̀ liquid'' component reflecting a broad distribution of pore

sizes, and a d-function for the `̀ solid'' component. Numerical inversion of

M(t) was obtained using a procedure described in Ref. [16].
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dard samples were exposed to hydrostatic pressure of 8

bars for 3 days, then they were split and water penetration

was measured.

Similarly as for mechanical measurements we have

prepared two types of specimens, one with additive and

one without additive. Aggregation was consistent with the

Slovenian Regulations for Concrete and Reinforced Con-

crete No. 11/97. The reference sample was made of sand

(0±2 mm), gravel (0±4 mm), gravel (4±8 mm), cement

PC15z45b from Anhovo (DC = 400 kg/m3), and water (w/c

ratio 0.45). Two samples with the additive contained 1 kg

additive/8 kg cement, so that the additive replaced an

equivalent amount of cement. Basic data on both types of

specimens are listed in Table 1.

3.3. NMR measurements

The NMR experiments were performed on a 100 MHz

high power NMR spectrometer on a standard Oxford super-

conducting magnet.

In each experiment 10 g of cement powder with or

without 15 wt.% of the additive was hydrated with water

to cement ratio w/c = 0.27. The paste was mixed by hand for

2 min in order to ensure homogeneity of mixing and then

was left to hydrate in hermetically closed glass tubes in

order to eliminate the evaporation of water.

The spin±lattice relaxation time has been here measured

with the `̀ inversion-recovery'' pulse sequence [180°±t±

90°±signal], so that both the signals with long T2 (protons

of exchangeable water) and short T2 (protons of chemically

bonded water) were observed. The contributions of both

types of protons were separated by a two component fitting

procedure (see Eq. (9)).

To confirm that the long T1 component (T1(solid))

originates from chemically bounded protons, the same

set of measurements was repeated on a 20-MHz portable

industrial NMR spectrometer with a 20-MHz permanent

magnet. The pulse sequence used here was [90°±t±90°±

tec±180°±tec±echo]. The fixed echo time tec was cho-

sen to be 100 ms for the performed experiments while the

90° pulse separation time t was varied in the T1 experi-

ment. The value of tec assures that the signal with a

short T2 (protons of chemically bonded water) was

filtered out and only the signal from the exchangeable

water was observed.

4. Results

4.1. Mechanical measurements

Compressive stress measurements gave scomp = 23 � 2

MPa for the samples without the additive and scomp = 40 � 3

3 MPa for the samples with the additive.

4.2. Water-tightness measurements

Depths of water penetration for the reference sample, and

two samples with the additive are given in Table 2. Similarly

as in the case of mechanical measurement samples with the

additive are significantly better than the reference samples

made of Portland cement only. The difference, relative to the

reference sample, is approximately 60%.

4.3. NMR measurements

The form of the proton magnetization recovery function

M(t) is shown in Fig. 1(a) for two different hydration times

th = 1 h and th = 3 days. It can be easily seen then at th = 1 h

when we are in the dormant period the magnetization

recovery is purely monoexponential while it becomes

strongly nonexponential in the advanced stages of the

hydration process. If one subtracts the long-T1 component

contribution [Eq. (10)]

M�solid��t� � M0�solid�exp�ÿt=T1�solid��; �10�
which is due to the water that enters the crystal structure, we

are left with the contribution of the exchangeable water that

can be very well described with a stretched exponential

function [Eq. (11)]

M�liquid��t� � M0�liquid�exp�ÿ�t=T�1 �a� �11�
[Fig. 1(b)]. T1(solid) amounts to about 0.5±1 s and only

weakly depends on the hydration time th.

In the following we shall therefore describe the results

of the relaxation time measurements by three parameters,

the stretched exponent a, the spin±lattice relaxation time

parameter T1
�, and the solid component ratio M(solid)/

(M(liquid) + M(solid)).

Fig. 2(a) shows the NMR spin±lattice relaxation time T1

as a function of the hydration time on an Anhovo Portland

cement sample with and without the EXPAD additive. In

both cases T1
� is nearly constant in the `̀ dormant period,''

Table 1

Basic data on samples for water-tightness measurements

Type of test

Standard

sample

Concrete

with additive

Consistency ± slump test (cm) 2.0 2.0

Air content in fresh concrete (%) 1.6 1.4

Density of fresh concrete (kg/m3) 2400 2405

Water/cement ratio 0.45 0.45

Table 2

Results on water-tightness measurements

Reference

sample

Samples with

the additive

Depth of water penetration 23 mm Sample 1: 15 mm

Sample 2: 14 mm
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rapidly decreases in a period when the compressive and

bending elastic strength of cement starts to increase and then

slowly decreases with increasing hydration time. In the

sample with the new additive we find, however, a

`̀ shoulder'' in the T1 versus hydration time plot that is

absent in the normal Portland cement.

Fig. 2(b) shows the hydration time dependence of the

stretched exponent a for the samples with and without

the additive. Fig. 2(b) thus reflects the time dependence

of the pore size distribution, which becomes broader and

broader with increasing hydration time. It should be noted

that the T1 and pore size distributions can be quantita-

tively determined from the nonexponentially of the proton

magnetization time recovery function M(t). The hydration

time evolution of a is similar in both cases, with and

without the additive. However, in the presence of additive

a has somewhat lower value than in the sample without

the additive, suggesting that that the pore size distribution

is wider in the sample with the additive than in the

sample without it.

The hydration time dependence of the solid component

fraction of the magnetization, M0(solid)/(M0(solid) + M0(liquid)),

is shown in Fig. 2(c). The coefficients M0(solid) + M0(liquid)

were obtained by fitting Eq. (9) to the measured mag-

netization recovery functions M(t). The solid component

T1(solid) was 0.5±1 s and was found to be hydration time

independent. To additionally verify that the M0(solid) part

originates from the crystalline water protons we repeated

T1 measurement with a three-pulse sequence where the

magnetization is measured with the spin-echo signal. The

spin-echo delay was set to tec = 100 ms. The measured

magnetization±recovery curves were again fitted with

Eq. (9). The resulting T1
� and a were identical to the

original measurements (Fig. 2), while the solid compo-

nent of the signal was negligible (M0(solid)� 0) indicating

that spin±spin relaxation time T2 of the solid (long T1)

component is much shorter than that of liquid (short T1)

component. This is in agreement with previous results

[14,15].

5. Discussion

Mechanical and water-tightness measurements confirm

that the EXPAD additive significantly improves the

concrete performance. NMR spin±lattice relaxation time

study has revealed a substantial difference in the hydra-

tion kinetics of cement with and without the additive.

An important feature of the calcium sulfoaluminate-

based expansive additives like EXPAD is that they

induce expansion in concrete within the period where

the structure of concrete begins already to be formed,

but still can be deformed plastically. Expansion and

self-stress of shrinkage compensating concrete are

known to reach their maximum at around 10 days of

hydration time. While self-stress measurements are not

directly applicable for the very early stages of hydration

when the cement paste is not yet rigid, NMR technique

can continuously and nondestructively probe the internal

surface development in the cement paste immediately

after mixing. By simultaneous determination of both the

`̀ liquid'' (short T1, long T2) and the `̀ solid'' (long T1,

short T2) part of the signal, we were able to follow

both internal surface and solid products growth during

the hydration process. The following conclusions have

been obtained:� The time evolution of the exchangeable water

proton T1 in the ordinary Portland cement samples with-

out additive (OPC) behaves normally as it was already

shown by us and other groups [6±15]. The dormant

period is approximately 2 h and T1 decreases from 18

ms to the 50% of its value after 5 h. In contrast, the time

evolution of the exchangeable water proton T1 in the

sample with the EXPAD additive (E-OPC) has a faster

initial decay. The dormant period is shorter (approxi-

mately 1 h) and the 50% of the initial value of T1 is

reached in 3 h. This means that E-OPC has a faster initial

hydration and hardening process.

Fig. 2. (a) Dependence of the proton spin± lattice relaxation time parameter

T1
� for EXPAD modified (E-OPC) and nonmodified (OPC) Portland cement

on the hydration time th. (b) The stretched exponent a versus the hydration

time for cement with (full circles) and without (empty circles) the additive.

(c) Hydration time evolution of the solid (long T1) magnetization

component fraction M0(solid)/(M0(solid) + M0(liquid)).
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� While T1 as a function of the hydration time con-

tinuously decreases for the OPC sample, there is a clearly

visible shoulder resembling a plateau (hydration pause) in

E-OPC sample between 8 and 16 h. After about th = 16 h T1

starts to decrease for E-OPC again demonstrating a faster

internal surface growth. In comparison, the surface growth

of the OPC sample is almost complete at this stage. This

shows then that the hydration of the sample with the

additive is a two-stage process.� The hydration time evolution of the magnetization

recovery stretched exponent a (Fig. 2b) behaves in a

similar way as the time evolution of T1. In the dormant

period both OPC and E-OPC have a� 1 showing mono-

dispersion in the spin±lattice relaxation. After the end of

the dormant period, when the active surface of the cement

paste starts to increase rapidly, a begins to deviate from 1,

demonstrating the onset of polydispersivity in the pore size

distribution as it was already predicted and measured [9].

At the end of the hydration process a approaches the final

value of a� 0.5±0.6. a is smaller for E-OPC than for

OPC, demonstrating that the width of the pore distribution

is larger in the sample with the additive than in the sample

without it.� A multicomponent analysis of the magnetization

recovery curves M = M(t) allows for the determination of

the hydration time development of solid component con-

tribution to the NMR signal, i.e. of the water entering the

crystal structure of the cement. This component is charac-

terized by a short T2 and a long T1 of about 800 ms. The

development of this `̀ solid'' component is very gradual for

the pure OPC sample. On the other hand, there is a steep

increase of the solid component in the sample with the

additive at th = 5 h, followed by a plateau where the fraction

M0(solid)/(M0(solid) + M0(liquid)) does not increase appreciably.

This plateau, or hydration pause, coincides with the plateau

in T1(th), and is followed by another, more gradual growth

after th = 15±20 h.� At th = 21 days there is about 7.5% of `̀ solid''

NMR signal for E-OPC sample and about 5% for the

OPC sample. This is compatible with the higher density

of the E-OPC sample.� During the `̀ hydration pause'' of E-OPC both the

internal surface and the solid component of the NMR

signal do not change appreciably. The stretched expo-

nent a, however, shows a pronounced decrease during

the same period. Therefore, although the average inter-

nal specific surface does not change much, it is obvious

that the pore geometry significantly changes during the

same period.

To summarize, ordinary Portland cement modified with

the EXPAD expansion additive shows superior mechanical

and water permeability properties. The NMR comparison

of the hydration kinetics of ordinary and modified Port-

land cement shows significant differences both in the

growth of the internal surface as well as the growth of

the solid products. A combination of NMR with micro-

structural and kinetic scattering studies on normal and

modified cements would help gain further insight into the

relation between the microstructural effects and the expan-

sion. To the best of our knowledge, no such study has so

far been undertaken.
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