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PREFACE 

The papers presented in this volume were prepared for a session sponsored by 
Committee 201, Durability of  Concrete, on delayed ettringite formation (DEF) at the 
AC1 Convention in Seattle, Washington, on April 9, 1997. In line with the practice and 
requirements of the American Concrete Institute, peer review, followed by appropriate 
response and revision by authors, has been used. 

Delayed eitringite formation, a form of internal sulfate attack, is a subject of 
considerable current interest and concern, as well as of controversy. In such an 
atmosphere, it is not surprising that conflicting data and interpretations were presented 
and, as a consequence, some of them cannot be corrected. The session organizers and 
editors of this volume feel that all interpretations and viewpoints will serve to stimulate 
thinking and additional research, and help in the process of developing a more sound 
scientific understanding of  the DEF phenomena. 

Readers are urged to evaluate critically both the investigative work and the reasoning 
presented. There is a large body of information on this subject in the scientific literature 
that should also be confronted and considered when using the presented data. 

We greatly appreciate the participation of Udo Ludwig, (Co-author of the first 
published paper on DEF) for his participation in the session and for his current paper. It 
is to him that we dedicate this volume of papers. 

The editors would like to thank all the authors for their participation in the session, 
their technical contributions to the DEF mysticism, and the professional attitude during 
the review process, as well as the reviewers for their sincere and objective evaluation of 
the papers. 

Bernard Erlin, Chairman and Editor 
E. D. Hill, Co-Chairman 
J. P. Skalny, Co-Chairman 
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Present State of Investigation on Damaging Late 
Ettringite Formation (DLEF) 
in Mortars and Concretes 

by O. H e i m  M. Kalde, U. Ludwig, and 1. Ruediger 

INTRODUCTION 

Since the past 25 to 30 years, preferably heat treated precast concrete 
members (> 70 O C )  manufactured with high early strength Portland Cements 
with higher sulphate contents, under adverse exposure conditions have some- 
times exhibited structural damage in the form of map cracking and loss of 
strength. These damages are characterized as Damaging Late Ettringite 
Formation (DLEF) (1). 

The cause for the increased occurrence of DLEF starting about 1970 is 
to our opinion the world wide increase of the permissible sulphate contents of 
the Portland-Cements (2-5). 

It is important that 1 wt.-YO SO, can form 5 wt.-% of ettringite or 
7.7 wt.-% thaumasite. 

In “German directions“ a maximum heat treatment (HT) temperature of 
80°C is specified for concrete exposed to dry environmental conditions. For 
concrete exposed to intermediate or permanent wet conditions, a maximum 
HT temperature of 60°C is specified. Though the standard does not provide 
clear directions, if is believed that cements containing pozzolanic admixtures 
can be subjected to more intensive HT (6). 

DLEF is caused by a formation, destruction and a later renewed forma- 
tion of ettringite occuring preferably after HT at 1 70°C of pastes, mortars and 
concretes made with high strength Portland cements. - Very early start of HT 
showed no significant influence on DLEF. Late or repeated HT resulted in more 
severe or repeated damaging. - Humidities 2 95 % at 20°C resulted up to 780 d of 
starage in no DLEF. - After treatment with interim some FTC and/or cured at low 
temperatures provoked more early and severe destruction. 

Kevwords: fly ash; hydraulic cements; pozzolans; sulfates; tests; wetting and 
drying 
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The use of flat prisms 1 x 4 ~ 1 6  cm3 instead of standard prisms 4 x 4 x 
1 6 cm’, increasing w/c-ratios and higher proportions of coarse standard sand 
provoked an earlier starting of DLEF. - Portland cements and those with a h -  
mina free admixtures with higher sulphate contents 2 3 wt.-% at SO3/AI2O3- 
ratios > 0.45, higher fineness and higher early heat and strengths evaluation 
are susceptible to DLEF. Portland cements free of C,A*’, Portland limestone 
cements or limestone aggregate may reduce or prevent DLEF. - Portland 
cements with appropiate amounts of alumina-bearing latent hydraulic slags or 
pozzolans maintaining the S03/Al,03-ratio below 0.45 exhibiting no DLEF. 

EXPERIMENTAL 

The experimental work was done according to DIN 1164 or EN 196-1, 
but with stainless steel gauge points. The exceptions were that the standard 
sand composition and the w/c-ratio were changed and the dimensions of the 
mortar prisms were reduced to 1 x 4 ~ 1 6  cm3. HT was started at prestorage times 
5 4 h in the mould with a plastic foil cover, and at 2 1 d demoulded in a water 
bath, at heating rates from 15 to 23 wh. T,,,, was 20 to 100 O C ,  preferably 
5 hí90 O C  and 4 W95 O C .  - The cooling rate was generally about 20 wh and 
was occasionally varied to 5Wh, 240 Wh and 360 Wh. In two cases HT was 
repeated up to four times. 

Further curing was generally done in water of 20 O C ,  and occasionally 
at 10 and 2 “C, in humid air in a desiccator to hinder carbonation and with 
interim freeze-thaw-cycles. The evaluation was done by periodic measure- 
ments of the mass, length and resonant frequency. Additional measurements of 
bending-, compressive- and shear strength were also made. Examination of the 
porosity (by gas permeability, O,-diffusion, water saturation, mercury intru- 
sion), of the paste, mortar and concrete structure and of the mineralogical 
composition was performed by scanning electron microscopy, micro analysis 
and x-ray diffraction (SEM, MA, XRD). - Forty commercial cements, 22 
commercial cements with anhydrite additions ground to a high specific surface 
area (SSA) of 10.000 cm2/g in order to reach the max. SO, acc. to DIN i 164, 
and 28 laboratory cements made of technical clinker and admixtures were 
examined. 

*) the usual shortening are utilize(’: C-racl M-MgO, A-A120,, F-Fe,O,, s-SO,, S-SO2, 
c - C O ~ ,  H-H2O 
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RESULTS AND DISCUSSION 

Fundamentals of DLEF 

The DLEF briefly is the formation of ettringite through the reaction of 
the calcium aluminatic ferritic phases and the soluble sulphates of the cements 
in the presence of water. This formation proceeds as long as the sulphate ions 
in the solution are enough to form and stabilize ettringite. Subsequently, 
instable monosulphate hydrate (C,ACsH,,) and solid solutions of other mono- 
phases are formed with the parallel dissolution of the previously formed 
ettringite and the remaining aluminatic ferritic phases from the cements (7, 8, 
9, 10). Parallel to the ettringite formation and dissolution, a major part of the 
sulphate ions are reversibly bound into the CSH-phases (1 1). - The stability of 
the previously formed ettringite is increased with higher SO,/Al,O,-ratios by 
mass (7, 10) of the cement and is decreased with increased fineness of the 
cement and increased temperature at the reaction (10). - Under moist condi- 
tions, at and below room temperature ettringite again becomes the stable phase 
and may cause DLEF (1 2, 13). 

Safe HT-Temperature 

The influences of the HT-temperature between 20 and 100 "C on the 
durability of mortars were examined twice. The duration of HT was calculated 
with the Saul-formula revised by Mironov and Ganin: 

20+30  
t T = t 2 0  (n) 

t., = time interval with average concrete temperature in h 
T = average concrete temperature at the time interval in "C 

PC 55-111 with 3.9 wt.-% SO,, SO3/Al20, = 0.69 and SSA = 5720 
cm2/g was used. In the first case only at treatment temperatures 2 90 "C 
expansions of about 7 to 10 m d m  after 750 d were measured (14, 15). - In the 
second case mortars with the same cement showed expansion, loss in resonant 
frequency and increase of mass with HT at 75 to 100 "C during about 1000 
days of water storage. DLEF started at HT of 100 "C after 14 days, at HT of 
90 "C after 42 days, at HT of 85 "C after 70 days, at HT of 80 "C after 6 
months and at HT of 75 "C after about 1 year. The max. expansion was about 
10 mm/m with a 100 "C HT in11 the minimum was about 1 mrním with a 
75 "C IiT (16, 17). Howver, it musi be corisidered that higher expansions 
sometimes coincided with 101 der resonant frequencies and vice versa. This 
means, that there is less corixlation between resonant frequencies and 
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expansion in mortars. - The XRD, directly after HT, showed with increasing 
treatment temperatures up to 60 "C decreasing intensities of the ettringite and 
increasing AFm-Phases. At 70 "C no ettringite could be identified and at 90 
and 100 "C a strong intensity drop of the AFm-Phases was visible. - Three 
years of storage in water at 20 "C provokes strong DLEF, especially in mortars 
with HT at 80 OC. Mortars with HT at 60, 70 and 75 "C showed medium and 
those treated at 50 "C and the untreated ones showed low or no DLEF (1 6 ,  17). 
- Other experiments (18) performed with 70 OC HT mortar showed after 10 
freeze-thaw-cycles (FTC) in water during the storage period. - This means, 
that the maximum HT for Portland cements should be I 70 O C .  This limita- 
tion corresponds with other data or opinions (19, 20). Nevertheless, in special 
cases, even at lower temperatures, mortar or concrete can exhibit DLEF (21). 

Precuring period and intensities of heat treatment 

Significant importance is given in the "German directions" (6) as well 
as in other references, for example Sylla (22) and Neck (23), to sufficient pre- 
storage of concretes. In case of HT of mortars in the standard steel molds very 
early start of HT results in no significant influence on DLEF in compari- 
son with longer precuring (1 7,24), however, it can physically damage the heat 
treated paste, mortar or concrete by air or steam pressure especially if the HT 
takes place at the stage of demolding. - Heat treatment after 1 year precuring 
or up to three times repeated FIT resulted in a higher value of expansion and 
corresponding decrease of resonant frequencies. Late and repeated HT pro- 
voked a direct decrease of resonant frequencies but no significant weight or 
dimensional changes. This direct decrease of resonant frequencies can be 
attributed to the dissolution of the ettringite and formation of AFm-phases 
and/or a recrystallization of CSH due to HT. Further water curing leads to 
further decrease of resonant frequencies and increase of weight and expansions 
(13-15). At repeated HT, interim XRD and SEM plus MA examinations 
showed the formation of monophases in cracks and interfaces and the refor- 
mation of damaging pure Al-ettringite. Excessive SO4-- due to the influence 
of HT again migrates into the surrounding cement paste and migrates 
back at lower temperatures to reform damaging At-phases together with 
the Am-phases (13,25). 

After-Treatment 

After-Treatment of the heat treated mortars, deviating from 20 O C  

water storage, at 2 and 10 O C  in water or with interim 10 P ï C  at -25 and 
+20 O C  results in an earlier appearance of measurable DLEF (13,17,26). 
The influence of interim FTC is confirmed by Shao et al. (27). In cases where 
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the after-curing was done at 20 "C in a water basin with interim 10 FTC (+20/- 
25 OC) in water the specimen are still surviving after a total period of 14 years. 
But all specimen restored after 160 days from 20 to 2 OC in a water basin 
are completely disintegrated between 4 and 5 years after curing. Unfortu- 
nately no XRD-examinations were done. But together with other expe- 
riences (28) it can be concluded that this disintegration at low tempera- 
ture wet or water curing is in all probability due to a not expanding but 
structure loosening formation of thaumasite (CS'CC'CS'H,~.~). 

With mortar prisms 1 x 4 ~ 1 6  cm3 the after-treatment at 20 O C  and a 
relative humidity greater than 95 % instead of water curing produces DLEF 
starting from i 4  days to > 1 year delayed. After 120 days storage, from 20 
"U60 % r.h. to 100 % r.h., rearranged prisms showed increased weight, in- 
creased expansion and decreased resonant frequency. Storage at 20 "C and 
relative humidities 5 95 % up to 780 d of storage period, did not result in any 
measurable DLEF. This is established by XRD examinations as no ettringite 
formation could be detected (1 3). 

Differing mortar compositions and specimen sue 

Decreasing w/c-ratios of 0.7, 0.5, 0.45 and 0.4 resulted in delayed 
starting of the expansion between 90 and 180 d. After about 8 years the 
expansions of the mortar amounted to 11 - 12 mm/m. With wic = 0.4 it pro- 
ceeds up to 2 years slightly, up to nearly 8 years, increasingly reaching about 7 
m d m  without completion of the reaction. The resonant frequencies decreased 
with increased w/c-ratios and showed further decrease with the starting of the 
DLEF (1 3, 17,24). 

Higher proportions of coarse standard sand 0.5 FS : 0.5 MS : 2.0 CS or 
0.5 FS : 1.5 MS : 1.0 CS in the standard mortar with a lower w/c of 0.4 and 
0.45 lead to an earlier starting of the DLEF. Higher proportions of fine stan- 
dard sand 2.5 FS : 0.5 MS : O CS at a wic = 0.7 or the entraining of 14 YO air 
voids into the standard mortar resulted in no DLEF after curing in water at 20 
"C for a period of about 8 years. Interim 10 FTC resulted in earlier starting of 
the DLEF. The earlier starting DLEF with increased amounts of coarse stan- 
dard sand can be explained by the finding of Johansen et al (29). The expan- 
sion occurs relatively evenly throughout the cement paste causing gaps 
between aggregates and cement paste whose width is proportional to the 
aggregates she. Thus, the more coarse standard sand accelerates, and more 
fine standard sand retards the formation of DLEF. But the highest retardation 
is obtained with neat cement paste (30, 31). Own checking (32) of paste HT 
also resulted in a prolonged induction period before starting DLEF though the 
work was done with only 1 x 4 ~ 1 6  cm3 flat cement paste prisms. 
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In order to accelerate the starting of DLEF, instead of 4 x 4 ~ 1 6  cm3 
sized DIN 1 164EN 196-1 standard prisms, 1 x 4 ~ 1 6  cm3 flat prisms were used 
and lead to a reduction of the starting of DLEF from 6 month to 7 days (24, 
33). The same reduction could have been derived from the results obtained by 
Heinz (1 3). 

The prevention of DLEF is achieved by the exchange of the standard 
sand by crushed limestone of the same grain size distribution with raised w/c- 
ratio of 0.5 to 0.6 in order to get a sufficient flow of the otherwise standard 
mortar. The PC 55-IV with 3.73 wt.-% SO3, 0.48 wt.-% Na20,, 0.82 wt.-% 
MgO and a SSA of 5230 cm2/g was used. The maximum HT was 80 "C/9 h. 
After a period of 12.2 years a max. expansion of 1.1 mm/m and no reduction 
in resonant frequency was measured. Interim FTC exerted no higher values 
that could be contributed to DLEF (18, 34, 24). Scrivener and Lewis (34) 
measured 1.3 mmím expansion that is stili continuing measured under similar 
conditions but higher HT intensity of 12 h/90 OC, after about 3 years water 
curing at 20 OC. 

Cement type and quality 

In the first research program due to an incident a high intensity HT 1 
day/80 "C and 6 M100 OC, was used with two high strength PC 55 A and B 
with sO3/Al203 = 0.75 and 0.70. The expansion and the decrease of resonant 
frequency started after about 1 and 2 months of 20 OC-water curing. The ulti- 
mate expansions are about 6 and 13 mm/m. - The substitution of 8 wt.-% of 
both cements by finely ground limestone resulted in only a small or no reduc- 
tion of the expansion (15). - The exchange of PC 55 B by PC 45 HSR 
(higher sulphate resistance) at constant SO3 of 4.0 wt.-% showed an 
expansion of 1.5 m d m ,  after very intensive HT and a 20 "C water curing of 
about 19 years. The same values were measured for the untreated mortars with 
PC 55 B or PC 45 HSR respectively. From this it was concluded that HT 
with PC-HSR (with little or no C3A) mortars is harmless (15). - However, 
later experiments with standard mortars after 4 h/95 "C HT with one type 55 
and four type 45 C-,A-free cements in delivery state and with the max. SO3 of 
4.0 and 3.5 wt.-% acc. to DIN 1164 showed in four from 10 cases expansions 
> 3 to 7.6 mmím after about 6 years of 20 "C curing (24). The PC 55  HSR is 
in addition to a low Na20eq, of 0.46 wt.-%, also has a low A/F-ratio of 0.49. 
Thus, the chemistry and the fineness of the HSR cement may influence its HT- 
stability. 

In earlier experimental work (1 5, 16) cements with 30 wt.-% of fly ash 
or Bavarian trass or with 50 wit.-% of ground gbfs, and subjected to very 
intensive HT with the same SO3-content as in the PC 5 5  U of 4.0 wt.-% 
showed no damage after now about 19 years of subsequent 20 "C water stor- 
age. Repeated experiments with gbfs and fly ash in amounts of 10, 20 and 
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30 wt.-Yo replacement of PC 55-111 or IV without SO, adjustment (20, 34) or 
with industrial EPZICEM IIIB-S and HOZICEM III A to C (24) showed after 
HT at 90 and 95 "C that 10 wt.-% PC-replacement are not enough to hinder 
DLEF. In one case the EPZ with the limit SO3-content of 3.5 wt.-% exhibits 
> 9 mm/m. The HOZ behave in every case safe (24). 

The same was done with silicious fly ash as replacement of PC 55 (20, 
34). The exchange of 10 W.-% PC 55 was unsuficient and resulted in an 
expansion of 7.7 m d m .  The exchange of 20 wt.-% of PC 55 by fly ash and 
the fly ash cements with and without additional anhydrite brought safe 
HT. 

Moreover Portland cements blended with appropriate amounts of 
alumina-bearing latent hydraulic slags or  pozzolans showed in contrary 
to plain Portland cements only low or  no loss in strength, after intensive 
HT. 

The exchange of 5 and 10 wt.-% of the PC 55-IV by silica fume (34) 
resulted in a reduction of the mortar expansion from 13.6 mmIm to 1 1.5 mmIm 
and 6.7 mm/m, respectively, after 5 W90 "C HT and subsequent water storage 
at 20 O C .  

Finally the industrial PKZKEM II/A-L (24) in delivery state and 
with additional finely ground anhydrite to reach the limitation of the 
standard created no DLEF a t  4 h/95 OC HT and after 7 years of 20 OC 
water curing. The explanation of the save HT with PU-mortars can be given 
by the stabilisation of the early formed ettringite in the presence of sufficient 
CaCO, according to Ghorab's (14) results at the experimental work in the neat 
system C3A-CaC0,-CaS0,-Ca(OH)2-H20 at 80 OC. 

Experimental work with the PC 55-111 (17, 20) showed that excess 
sulphate contents by anhydrite additions of 6.3 and 8.6 wt.-YO leads to a direct 
starting of expansion after 5 W90 O C  HT of the mortar. By XRD even direct 
after HT the presence of ettringite is established. From this it is quite 
clear that the otherwise observed decomposition of ettringite during a 90 
OC HT is not caused by a thermal instability. Moreover initially formed 
ettringite reacts with free aluminate to form monophases. Parallel sulphate and 
aluminate ions get increasingly bound in the CSH. Increased SO,-contents 
increasingly stabilize the ettringite and further sulphate is present in the 
pore solution (36) to form directly after HT ettringite connected with 
DLEF. - With the SO,-content of the delivered cement the DLEF starts later 
after about 6 month with a max. expansion of 11.5 mm/m. - By the addition of 
finely ground clinker of the same plant and with the same SSA to the PC 
55-111 the total S03-contents were reduced to 3.5 ,  3.0, 2.5 and 2.0 wt.-Yo. The 
DLEF after HT with the corresponding mortars started again later after about 
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365 and 500 days and resulted in decreased max. expansions of 10.5 and 
finally 3.8 mmím, respectively with the cements containing 3.5 and 3.0 wt.-% 
SO,. With cements with 2.5 and 2.0 wt.-% SO, the expansion amounts after 
about 14 years to 0.9 m d m .  That means the sulphate content of the Port- 
land cements save at HT should be < 3 wt.-%. 

At the evaluation of the potential formation of DLEF in mortars and 
concretes the ratio of soluble SO, and active A1203 would be of special interest 
(20, 34). The soluble SO, is preferably the added sulphate and the soluble sul- 
phates of the clinker (37). The sulphates incorporated in the less reactive belite 
as solid solutions are considered to be predominantly insoluble. The alumina 
in C,A is active. The alumina in the C,(A, F) solid solution becomes, with 
increasing iron oxide content, less active. The alumina in pozzolans (fly ash, 
trass, calcined clays etc.) and in blast furnace slags also is only active to a 
smaller extent depending on its surface area and chemical stability. So far, 
these influences on reactivity of the SO3 and A1203 could not be considered. 
Therefore the ratio of total SO, and Al,O, were used: S03/A1,03. 

14 

12 

10 

4 

2 

O 

O 0.2 0.4 0.6 0.8 1 1.2 1.4 1.8 
SO,iAl,O, (by wt.) 

Fig. Max. expansions of 90 HT different cement mortars in dependence of 
the SO,/Al,O,-ratio by mass 

In the figure the max. expansions of 90 different heat treated cement 
mortars were registered against the S0,/Al,G3-ratio. The mortars with PC 55 
showed decreased at ratios < 0.5, at > 0.5 to 1 .O  maximum and at > 1 .O again 
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decreased expansions. The PC 45 and 35, only with high surface areas andor 
higher Na20, 2 1.0 wt.-YO, showed high Pessimum expansions. The HSR- 
Portland-cements exhibit none to medium expansions at ratios > 0.8. The EPZ 
gave higher expansions at slag contents of only 10 wt.-%. The HOZ resulted in 
expansion of 1.5 mm/m after about 19 years water curing. Cements with low 
pozzolan contents of 10 to 15 wt.-% or with a high S0,/A120,-ratio of 0.85 
(with alumina-free silica fume) reached higher expansions 2 4 mm/m. The 
PKZ produced, by mixing 92 wt.-% PC 55 A or B with 8 wt.-% finely ground 
limestone, exhibited higher expansions > 5 m d m .  The other heat treated 
PKZ-mortars are safe after HT of 4 W95 "C and about 7 year 20 "C water 
curing. 

CONCLUSION 

Plain or blended Portland cements may exhibit renewed and/or 
damaging late ettringite formation (DLEF) either with or without heat treat- 
ment (HT). 

With increasing HT, particularly 2 70 OC, the primary ettringite forma- 
tion and its subsequent reduction or dissolution is finished quite early and 
completed. This may give an early and high potential for DLEF. 

Very early starting HT results in no significant influence on DLEF. 
After-treatment of the heat treated mortars, deviating from the normal 20 "C 
water curing to 2 and 10 O C  in water or interim FTC, results in an earlier 
appearance of DLEF and may result subsequently to an entire disintegration in 
all probability due to thaumasite formation. - Due to the high water demand 
the DLEF is starting from the surface of a cement paste, mortar or concrete. 
Therefore test specimen should be as narrow as possible. 

The chemical characteristics of Portland cements and those with 
alumina-free admixtures like silica fume susceptible of DLEF are higher sul- 
phate contents 2 3 wt.-% and SO3/Al,O3-ratios > 0.45. Higher Na20, > 1.0 
wt.-YO contribute to DLEF by increasing the early rate of hydration. - The 
physical features are higher surface areas, water demands, early heats of 
hydration and high early strengths. - Portland cements free of C3A or those 
with ground limestone admixtures are less susceptible to DLEF. - Increased 
HT with plain Portland cement results in significantly decreased final strength. 

Portland cements blended with appropriate amounts of alumina-bearing 
latent hydraulic slags (blast furnace slag) or Puzzolans (silicious fly ash, trass, 
calcined clays) must keep the S03/Al,0,-ratio < 0.45 to exhibit no DLEF. 
These cements showed after intcnsive i iT an increase of the arly strengths and 
only very low or no losses in final strengths. 
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SP 177-2 

Solubility of Sulfates in High SO3 Clinkers 

by V. Michaud and R. Suderman 

Svnousis: Changes in the cement manufacturing process such as the use of higher sulfur 
fuels have tended to raise clinker sulfate levels and S0,íalkali ratios. As a consequence, 
interground gypsum additions to cement have dropped because more sulfate is available from 
the clinker. Also, these clinker sulfates tend to be available as double sulfate salts; calcium 
langbeinite instead of potassium sulfate. 
What is the impact of clinkers with high SO, level on concrete performance; mainly on its 
workability and durability ? The aim of this study is to provide some answers to this 
question. 
Cements made from either high SO, clinker or low SO, clinker and gypsum or hemihydrate, 
but with a given chemical composition, have been simulated by pure phase materials and 
hydrated up to one hour. Calcium langbeinite is rapidly dissolved. Because of its dissolution 
rate and ability to form "blocking ettringite", high calcium langbeinite clinkers should 
provide improved rheological properties. Moreover, cements made with clinkers containing 
significant quantities of calcium langbeinite should have a similar workability and durability 
to a cement made with a low sulfate clinker to which larger quantities of gypsum have been 
added. 
The dissolution rate of anhydrite potentially existing in very high S0,íalkali clinker has also 
been simulated. Experiments indicate that it dissolves and reacts quite quickly so that it 
should not provide any durability problem if present in cement and concrete. 

Kevwords: anhydrite; calcium; clinker; durability; rheology; workability 
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INTRODUCTION 

Changes in the cement manufacturing process such as the use of higher sulfur fuels, 

reduced dust wasting and lower SOX emissions have tended to raise clinker sulfate levels and 

S03/alkali ratios. As a consequence, interground gypsum additions to cement have dropped 

because more sulfate is available from the clinker. Also, these clinker sulfates tend to be 

available as double sulfate salts; calcium langbeinite (2CaS04.K2S04) instead of potassium 

sulfate (K2S04). 

Sulfate ions play an important role in the early hydration reactions and on concrete 

rheology. When water is first added to cement; calcium, sulfate and aluminate and hydroxide 

ions become solubilized. If the sulfates are rapidly soluble, ettringite is formed at the surface 

of the C3A and, for a period of time, block further aluminate hydration. This is termed 

"blocking ettringite". If the sulfate is less readily soluble, ettringite is formed in the solution 

away from the surface of the C3A particle. These ettringite crystals adversely affect the 

concrete rheology if present i i  sufficient quantities (high water demand and slump loss). 

In a hydrating cement system there are several sources of sulfate ions; namely 

gypsum, hemihydrate, anhydrite as well as the clinker sulfates which are mainly alkali sulfate 

and calcium langbeinite. By providing different quantities of calcium and sulfate ions into the 

solution they will contribute differently to ettringite formation. Hemihydrate and clinker 

sulfates are rapidly soluble and contribute most to the formation of "blocking ettringite". 
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It is known that calcium langbeinite is rapidly soluble but this rate has not been 

determined in relation to the early hydration reactions. In clinkers with high sulfate contents 

that require little or no interground gypsum addition, can the calcium langbeinite dissolve 

rapidly enough and provide sufficient calcium and sulfate ions to form "blocking ettringite" 

and slow the reaction of further C3A 7 

It has been suggested' that insoluble anhydrite or "dead-burned'' anhydrite can be 

present in high sulfate clinkers. This might be the case in laboratory clinkers2 but up to now it 

has never been detected in industrial clinkers3. 

This study will examine the dissolution rates of calcium langbeinite and anhydrite 

potentially existing in clinker. 

EXPERIMENTAL CONDITIONS 

The dissoluiion rate of calcium langbeinite and its ability to block C3A hydration has been 

studied using pure clinker phase materiais; C3A, Ca(OH)2 and calcium langbeinite 

(2CaS04.K2S04j. The calcium hydroxide represents the clinker free lime which provides a 

source of calcium and hydroxide ions in the short term, soon after water is added. 

Two mixtures were prepared composed of 0.185 moles/liter of C3A, 0.675 moleslliter of 

Ca(OHj2 and either 0.223 or 0.357 moles/litcr of calcium langbeinite. This represents clinker 

with the compositions shown in Table 1 hydrated with a water/solids ratio to 0.35 at 23°C. 

Table 1 
Equivalent Clinker Composition (%) 

Mixture -0 so1- 
1 .74 2.10 
2 1.18 3.36 

At selected time intervals after water addition, the liquid and solid phases were separated by 

filtering and washed with acetone and ether. The solid phase was examined by XRD. The 

solution concentrations were measured by atomic absorption for calcium and potassium, by 

turbidimeter for sulfate and by titration with 0.0SN HCI solution in the presence of 

helianthine indicator for the hydroxide ions. 
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A second set of experiments was done to compare the efficiency of either potassium sulfate 

and gypsum or hemihydrate in blocking C3A hydration with calcium langbeinite. The same 

relative quantities of K20 ,  SO3 and free lime were maintained. The gypsum used was an 

industrial grade product with 97% purity. The hemihydrate was prepared hy heating the 

gypsum at 100°C for 14 hours. 

A third set of experiments looked at the dissolution rate of anhydrite. Mixtures containing 

C3A (0.88 moleslliter), Ca(OH)2 (1  .O1 moleslliter), calcium langbeinite (0.223 moles/liter), 

and either anhydrite or gypsum for comparison (0.335 moleslliter) were stirred at 23°C for 

various times between 2 hours and 16 days. These quantities correspond to a clinker or 

cement which contains 0.74 % KzO, 2.81 % SO? and 3.12 % Al2O3, hydrated at a water / 

solids ratio equal to 0.35. 

In order to make the anhydrite similar to that which could hypothetically be present in 

industrial clinker, it was produced from gypsum burned at 1400°C for 2 hours. For 

comparison, anhydrite has also been synthesized from gypsum burned at 500°C. 

RESULTS AND DISCUSSION 

Dissolution Rate of Calcium Langbeinite 

The changes in the solution concentrations with time are shown in figure 1 

These results, confirmed by the XRD analysis of the residual solid phases, show that the 

calcium langbeinite dissolves very rapidly. It is mostly dissolved after 5 seconds and totally 

after 20 seconds. Its dissolution liberates a very high quantity of calcium, potassium and 

sulfate ions into the solution which becomes supersaturated. Gypsum begins to precipitate as 

soon as 10 seconds after the water is added and its quantity increases up to 30 seconds. With 

the higher amount of calcium langbeinite, equivalent to a clinker with 3.36% SO3, syngenite 

(K2Ca(S04)2.H20) is also precipitated after 30 seconds and its amount increases up to 1 hour. 

The calcium and sulfate ions also react with aluminates from the C3A to form ettringite. This 

latter phase can be detected by XRD after 3 minutes of hydration. At 1 hour of hydration 

only a very minor amount of the C3A had reacted. 
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Fig. 1 
Evolution of the ions in solution for mixtures of  calcium langbeinite, C3A and Ca(OH)2. The 
dotted lines represent an equivalent clinker SO3 of 2.1% and the solid lincs a clinker SO3 of 
3.36%. 

The almost instantaneous dissolution of calcium langbeinite coupled with the small amount of 

C3A that had reacted after I hour indicates that the calcium langbeinite can form a "blocking 

ettringite" layer around the C3A. This in turn should slow its hydration and provide a 

favorable rheology io concrete. 

It is well known that syngenitc formation should be avoided as i t  contributes to false set. This 

study has indicated that syngeniie will begin to precipitate if the concentration of potassium in 
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the pore solution is higher than 0.39 moles per liter. In a hydrating cement system with a w/c 

ratio of OS%,  this corresponds to an available K 2 0  content of 0.93%. 

Efficiencv of calcium langbeinite in comuarison with alkali sulfates. ayusum and hemihydrate 

to form "blocking ettrinaite" . 

To compare the ability of calcium langbeinite to form a "blocking ettringite" layer around the 

C3A with other sources of sulfate, the same experiments were performed using blends of 

potassium sulfate and gypsum or potassium sulfate and hemihydrate instead of calcium 

langbeinite. 

The changes in the solution concentrations for the mixture containing potassium sulfate and 

gypsum are compared with the ones containing calcium langbeinite and are shown in figure 2. 
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Fig. 2 
Comparison of the evolution of the ions in solution for mixtures containing initially either 
calcium langbeinite or potassium sulfate and gypsum. C3A and Ca(OH)2 are also present in 
the initial mixtures. The dotted lines represent the mixture with potassium sulfate and 
gypsum, the solid lines represent the one with calcium langbeinite. The initial sulfate quantity 
in both cases is equivalent to a clinker with 2.1% SO3. 

At 5 seconds, the sulfate ion concentration of the calcium langbeinite mixture is much higher 

than the potassium sulfate and gypsum mixture; 0.33 moles/liter versus O. I O  moles/liter. 

Therefore, the calcium langbeinite is at least as efficient as potassium sulfate and gypsum in 

slowing the C3A hydration. 
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The mixtures have a similar behavior after 20 seconds of hydration. They contain the same 

solid phases; gypsum, calcium hydroxide and ettringite after 3 minutes. The ionic 

concentrations are virtually identical and they are regulated by the solid phases in equilibrium 

with the solution. The only difference is the potassium ion concentration; a consequence of 

the stoichiometry of the calcium langbeinite which has a K2S04/CaS04 ratio slightly less 

than 0.5. 

The changes in  the solution concentrations for the mixture containing potassium sulfate and 

hemihydrate are compared with the ones containing calcium langbeinite and are shown in 

figure 3. 
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Fig. 3 
Comparison of the evolution of the ions in solution for mixtures containing initially either 
calcium langbeinite or potassium sulfate and hemihydrate. C3A and Ca(0H)Z are also 
present in the initial mixtures. The dotted lines represent the mixture with potassium sulfate 
and hemihydrate, the solid lines represent the one with calcium langbeinite. The initial sulfate 
quantity in both cases is equivalent to a clinker with 2.1% SO3. 

For the first few seconds, the mixture containing calcium langbeinite exhibits higher calcium 

and sulfate ion concentrations than the mixture of potassium sulfate and hemihydrate. 

However, after 15-20 seconds, the reverse is true and the hemihydrate mixture has higher 

sulfate ion concentrations. The quantity of hemihydrate remains constant for the first 

5 minutes, then it decreases until it is not detectable after 10 minutes. At the same time, after 

5 minutes, gypsum begins to precipitate and this process continues up to 30 minutes. 
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As long as hemihydrate is present, the calcium and sulfate ion concentrations are determined 

by its solubility. As soon as all the hemihydrate has reacted, the sulfate and calcium ion 

concentrations begin to decrease and the hydroxide ion concentration increases. Ettringite is 

detected by XRD after 3 minutes of hydration. Figure 4 shows the same mixtures as Figure 3 

on a longer time scale. 

K +  

so,'- 
OH - 

Ca 2+ 

O 300 600 900 1200 1500 1800 
time (s) 

Fig. 4 
Same mixtures as in Figure 3 with a longer time scale 

After 30 minutes of hydration the 2 mixtures have identical behaviors. The solid phases are 

composed of gypsum, calcium hydroxide and ettringite. A small amount of syngenite 

(K2Ca(S0&.H20) can also be detected in the hemihydrate mixture. The solution is in 

equilibrium with the solid phases. 

From these results i t  is difficult to determine if the calcium langbeinite is as effective in 

slowing C3A hydration as potassium sulfate and hemihydrate. For the first few seconds 

calcium langbeinite provides the solution with more sulfate ions; however, after 20 seconds 

the situation reverses. 

The Dissolution Rate of Anhvdnte 

The object of this phase of the study is to examine the dissolution rate of "dead-burned'' 

anhydrite and compare it with other forms of anhydrite and gypsum. 
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To do this, mixtures containing C?A, Ca(OH)* and calcium langbeinite with either gypsum or 

1400°C anhydrite or SOOT anhydrite or natural anhydrite were hydrated for up to 16 days at 

23°C. Since anhydrite could only be found in clinker in conjunction with calcium langbeinite, 

the mixtures used here contain both. The results are shown in Figure 5.  

calcmm langbeinite + 
-anhydrite 1400 C 
-.--anhydrite SXIC 
--. natural anhydrite 

1 

O 4 8 
time (days) 

(a) anhydrite amount 

2000 
calcium langbeinite i 

-anhydrite 1400 C 
-- natural anhydrite 

O 4 8 I2 16 
time (days) 

a calcium laQgbelniie + 
-anhydrite 1400 C 

-- natural anhydrite 

.’- ’’ gypsum 

O 4 a 12 16 
time (days) 

(b) gypsum amount 

3000 T 

..... 

calcium langbeinite + 

O 4 8 I2 16 
lime (days) 

(c) ettringite amount (d) monosulphoaluminate amount 

calcium langbeinite + 
-anhydrite 14CûC 

.g 6000 ---natural anhydrite - gypsum c 4”” 
p 2000 

0 4 8 12 16 
time (days) 

(e) C3A amount 

SOW - 
24000 

....... ...... 

O 
O 4 8 12 1b 

time (days) 

(f) portlandite amount 

Fig. 5 
Influence of anhydrite on the hydration of pure clinker phases. The mixtures are initially 
composed of 0.223 moles per liter of calcium langbeinite, 0.875 moles per liter of C3A, 
1.0135 moles per liter of Ca(OH)2 and 0.335 moles per liter of various anhydrite forms or 
gypsum. 
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Figure 5 (a) indicates that the 1400°C anhydrite dissolves at the same rate as natural 

anhydrite. It has totally reacted at 4 days; that is to say before the total dissolution of the 

CJA. The 500°C anhydrite dissolves much faster. 

Figure 5 (b) indicates that regardless of the starting form of sulfate, gypsum is present from 

the start of hydration. It is precipitated from calcium langbeinite within a few minutes of the 

start of hydration. 

Figure 5 (c) indicates that the C3A is converted to ettringite while significant quantities of 

gypsum are present. After 4-5 days, when the anhydrite is gone and the gypsum amount is 

negligible, the amount of ettringite begins to deplete as the remaining calcium and aluminate 

reacts with ettringite to form monosulfoaluminate. 

These studies have been conducted in the absence of calcium silicates. Even if C-S-H were 

present, these equilibriums should not be modified. A thermodynamic calculation by using 

the method of Pize@ has shown that C-S-H is in equilibrium with ettringite, gypsum, 

syngenite and portlandite and its presence does not affect the solution concentrations. 

CONCLUSION 

Calcium langbeinite, one of the sulfate forms found in clinkers with a high SO?/alkali ratio, is 

rapidly soluble. Cements made with clinkers containing significant quantities of calcium 

langbeinite should have a similar performance to a cement made with a low sulfate clinker to 

which larger quantities of gypsum have been added. In fact, because of its dissolution rate 

and ability to form "blocking ettringite", high calcium langbeinite clinkers should provide 

improved rheological properties. 

As for anhydrite, this study has shown that even material that is burned at 1400°C for 2 hours 

is totally dissolved in a hydrating system within 4 days. This relatively rapid dissolution rate 

should not adversely affect the durability of concrete. In fact the solubility rate is comparable 

to natural anhydrite, a material that has been widely used in cement for decades to reduce 

false setting tendencies. 
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SP 177-3 

Influence of Cement Composition on Volume 
Stability of Mortar 

by S. Kelham 

Synopsis: The volume stabilities of mortars have been monitored for periods up to 
5 years. In addition to controls maintained at 20"C, prisms were subjected to high 
temperature curing regimes, typically 12 hours at 70, 80 or 90°C. Curing 
temperature was found to be the dominant factor in determining whether significant 
(>0.1%) expansion took place during subsequent water storage at 20°C. Most ofthe 
mortars expanded after curing at 90°C but very few at 80°C and none at 7 0 T .  

Analysis of the results for mortars cured at 90°C indicated that expansion increased 
with cement fineness and levels of alkali, C3A, C3S and MgO and showed a maximum 
at a cement SO3 content of -4%. The Pessimum SO3 content increased with cement 
alkali content. The incorporation of ground limestone accelerated expansion but did 
not affect the ultimate value. Cement replacement levels of 30% or 40% with 
siliceous fly ash and 30% or 50% with ground granulated blastfurnace slag appeared 
to prevent expansion. A sample of Type K cement gave only moderate expansion. 
The mortars that expanded after curing at 80°C had high alkali levels, through the 
incorporation of KOH or &SO4 in the mixing water. 

At 20°C no long-term expansions were observed, despite the inclusion of cements 
with total SO3 levels up to 5.6% and clinker SO3 levels up to 2.6%. The Type K 
cement expanded by -0.05% within the first 7 days and was then stable. Cements 
based on a high C3A clinker gave early expansions (-56 days) which increased as the 
cement SO3 content increased and as the specific surface area decreased, although all 
expansions were <O. 1%. 

Kevwords: alkali; clinker; curing; f ly  ash; mortars; prisms 
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Steve Kelham is a senior scientist at the Blue Circle Technical Centre at Greenhithe, 
Kent in the üK. He is a member of the Institute of Concrete Technology and carries 
out research on the influence of cement properties on concrete performance, 
particularly in the area of durability. 

INTRODUCTION 

The volume stability of heat-treated mortars and concretes has been studied 
widely in recent years. Expansion during subsequent moist storage is often observed. 
This expansion has been associated with the observation of ettringite filling voids and 
cracks, particularly around aggregate particles (1,2,3). The pastelaggregate interface 
appears to be important, since the nature of the aggregate affects expansions, but 
expansions have also been reported in paste samples (4). A full explanation of the 
expansion process is not yet available. 

The published data indicate a critical early age temperature of -70°C below 
which no expansions are observed ( 5 ,  6). Higher temperatures may lead to 
subsequent expansion but some cements do not expand even after prolonged initial 
curing at 100°C (7). It has recently been suggested that certain clinkers may lead to 
expansion through a similar process in the absence of high temperatures during or 
after hydration (8, 9). The present study is an attempt to clarifi the influences of 
temperature and cement composition and fineness on volume stability. The cements 
were laboratory prepared to allow controlled variations of the factors believed to be 
important. Some of the data have been anaiysed previously (6) and an expression 
derived to predict expansion from cement chemistry and fineness data. Knowledge 
of the factors that determine the relative susceptibility of cements will assist in the 
development of models of the expansion process. 

MATERIALS 

Seven portland cement clinkers were used to produce the cements. The chemical 
analyses of the clinkers are given in Table 1 together with phase compositions 
obtained from Bogue calculations. Clinker A was high in C,A, clinker B high in KzO, 
clinker C high in MgO and low in NazO eq. and clinker D low in SO,. Clinker E was 
low in C3A and suitable for producing sulfate-resisting cement to BS 4027 or ASTM 
C 150 Type V. Clinker F had moderate levels of all parameters and clinker G was a 
mineralised active clinker produced at the same works as clinker F. Although the 
Bogue calculation for clinker G assumed that all the sulfate was present as Caso4, 
much of it will be present as calcium langbeinite. This clinker contained -0.2% 
fluorine. Three sources of added SO3 were used: a natural gypsum, a natural 
anhydrite and a flue gas desulfurisation (FGD) gypsum. The natural anhydrite was 
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used blended with a small proportion of natural gypsum, giving 20% of the SO3 
present as the dihydrate. Limestone was used in some grinds. The limestone met the 
requirements in ENV 197- 1 for the production of portland limestone cements. 

The cements prepared with clinkers A to E were ground in a 450 mm 
diameter laboratory ball mill. The grinduig was carried out cold and the cements then 
heat treated at 105°C for four hours to produce a similar degree of gypsum 
dehydration to that found in production cements. Specific surface area (SSA) targets 
were 350 and 450 m2/kg, plus some at 250 m2kg with clinker A. Cement sulfate 
targets were 4 and 5% SO3, plus some at 3% with anhydrite. The limestone was used 
at 5% and 15% levels in grinds with clinker A and natural gypsum. These grinds were 
designed to give a similar clinker fineness to that in the equivalent grind without 
limestone, as indicated by the 45pm residue. A number of blends containing fly ash 
or ground granulated blastfurnace slag were also tested. 

The cements prepared from clinkers F and G were ground in a pilot scale 
closed circuit bail mill equipped with a high efficiency separator. Target SO3 contents 
were 3.5% and target surface areas 400 and 550 m2/kg. Tests were also carried out 
on a sample of a commercial Type K cement. 

METHODS 

Mortars (3: 1:0.5 sand:cement:water by weight) were prepared as described 
in EN 196- 1. The standard silica sand used was German 'Normensand' supplied in 
pre-weighed bags. 16 x 16 x 160 mm prisms were cast with stainless steel studs in 
their end faces. Up to four moulds, each containing three prisms, were used for each 
mortar mix. The prisms were cast in a single layer and compacted with 6Ojolts. Mer 
striking off excess mortar, a top-plate in each prism compartment provided essentially 
sealed curing conditions. Each mould was further sealed in a polyethylene bag 
together with a water-soaked cloth to ensure 100% relative humidity during curing. 

Samples were either maintained at 20°C or subjected to a heat treatment 
regime. Curing at 70°C and 80°C was camed out in environmental cabinets. After a 
20°C pre-cure for 4 hours the temperature was increased by 20"C/hour up to the 
required maximum temperature, which was maintained for 12 hours. Cooling was 
also at 20"Cíhour. Curing at 90°C was carried out in an accelerated curing tank with 
the moulds held -50 mm above the surface of the water. M e r  the 4 hour pre-cure 
at 20°C the water was heated to 95°C in 1 hour and maintained at this temperature 
for 12 hours. Calibration with sand filled moulds showed that this gave a sample 
temperature of 90°C. Unforced cooling to 20°C took -6 hours. 

All prisms were demoulded at 24 hours and subsequently stored in water at 
20°C. Lengths and weights were measured at regular intervals. Data for 5 years of 
water storage are available for the grinds containing clinkers A to E and for 3.5 years 
for the grinds containing clinkers F and G. Ail cements were tested with 20", 70" and 
80°C curing and most also at 90°C. Some additional mortars were prepared with 
K2S04 or KOH dissolved in the mixing water to raise the SO3 and/or Na20 eq. levels. 

, 
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RESULTS 

Control arisms 

Length changes of prisms maintained at 2OoC were always <O. 1%. The data 
for cements based on clinker D are plotted in Fig. 1. The data for the other cements 
are similar, including the Type K cement. Expansion takes place during the first 28 
to 56 days and the prisms are then stable within the accuracy of the present tests. 

The expansions of prisms cured at 20°C are plotted against cement SOS 
content in Fig. 2. The plotted values are the means of the data for ages greater than 
600 days in order to reduce the scatter. The lines in the plot connect data points for 
cements which were ground from the same clinker and sulfate source to the same 
target SSA and thus differ only in SO3 content. It can be seen that generally the 
expansion increased as the sulfate content increased. Cements based on clinker C 
expanded more than the others at the same sulfate content which may be due to the 
high MgO content. Fig. 3 shows the same data plotted against SSA. The lines 
connect data points for cements with the same clinker, sulfate source and target 
sulfate content. Clearly expansion decreased as the SSA increased. In both plots 
vertical lines connect results for repeated measurements and indicate the 
reproducibility of the method. 

Heat-treated mortars 

The mortars cured at 70" and S O O C  normally gave no significant expansion 
while most mortars cured at 90°C expanded by -1% between 56 and 200 days. A 
typical set of curves is shown in Fig. 4. The only mortars to expand after curing at 
80°C were those containing added KzS04 or KOH. No expansions were observed 
with cements containing the sulfate-resisting clinker (E). Where initial rapid 
expansion took place, continued water storage gave further slow expansion but, in 
order to analyse the effect of various parameters on the expansion, plots such as Fig. 
4 have been used to estimate a value for the ultimate long term expansion for each 
set of prisms. Expansions were associated with increases in weight, 1% expansion 
corresponding to -1.5% weight increase. 

Fig. 5 shows the dependence of the ultimate expansion on the cement SSA 
for mortars cured at 90°C in the same format as Figs. 2 and 3 .  It can be seen that in 
ail cases where expansion took place an increase in surface area gave an increase in 
expansion. The results for cements based on clinker E are not included. The cements 
with low expansions at -450 m2kg were based on clinkers B and D and had SO3 
contents X%. 

In Fig. 6 the dependence on cement sulfate content is plotted. The expansions 
pass through a maximum at sulfate contents near 4%. Only clinker C gave expansion 
at 3% SO3. The results for cements based on clinker E are not included. The cements 
that gave low expansions at -4% SO3 were -350 m2/kg grinds based on clinker D. 
The vertical lines on the plot again indicate results from repeated tests. 
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Tables 2 ,3  and 4 give expansion data for the laboratory prepared cements at 
selected ages. Data for the mortars prepared with added alkali are in Table 5 and data 
for the fly ash and ggbs blends are in Table 6. Data at 3.5 and 5 years are for single 
prisms while earlier data are mean values for sets of three prisms. This leads to small 
apparent changes between 1 and 3.5 years, but no significant changes normally took 
place during this period. 

There was no indication of dependence of expansion on the sulfate source. 
Excluding the very low C3A cement, clinker source also appeared to have little 
influence on the expansions. The grinds containing 5% or 15% gave similar ultimate 
expansions to the equivalent cements without limestone, although the expansion 
occurred earlier as the limestone content increased. The blends containing fly ash or 
ggbs showed no expansions although the cements used gave large expansions. 

The Type K expansive cement expanded by a moderate amount (-0.3%) after 
curing at 90OC. The data are plotted in Fig. 7. 

Effect of added alkali 

The tests with added K2S04 were carried out on cements prepared from 
clinkers A, B and C with target S03contents of 4% (Table 5). The quantity of K2S04 
used was calculated to give the same sulfate content in the mortar as in that 
containing the equivalent cement with a target sulfate content of 5%. This allowed 
a comparison to be made of the effects of adding SO, as Caso4 and K2SO4. Control 
and 70°C prisms were cast only for the cement prepared from clinker A and the 
added alkali had no effect on the expansion of these prisms. M e r  curing at 80°C all 
the mortars with added K2S04 gave significant expansions of -0.5% while afìer 
curing at 90°C the expansions were very large, -2%. Increasing cement sulfate from 
4% to 5% by increasing the Cas04 added during grinding thus led to a lower 
expansion after curing at 90°C (Fig. 6) while adding the same quantity of sulfate as 
K2S04 dissolved in the mixing water led to much higher expansions. One mortar was 
prepared with ground gypsum blended with a cement to give a total sulfate content 
equal to that of the higher sulfate grind (Table 6). The effect of the additional gypsum 
was identical whether it was interground or ground separately and blended. 

KOH was added to mortars prepared with a grind containing clinker C, with 
a target sulfate content of 4%, to give effective Na20 eq. levels of -0.4%, 0.6%, 
0.8% and 1.2%. As with the K2S04, the KOH was dissolved in the mixing water. The 
expansion data are plotted in Fig. 8. The alkali level had no effect on the expansion 
after curing at 20°C or 70°C but the high alkali mortar expanded after curing at 80°C. 
Curing at 90°C gave large expansions with all the mortars and the expansion 
increased as the alkali content increased. 
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DISCUSSION 

Control Drisms 

The expansion data for the mortars cured at 20°C are consistent with data 
obtained by Hobbs (10) who also observed increasing expansion with increasing 
cement SOS content and decreasing fineness. The precision of the present data is not 
sufficient to make a detailed analysis worthwhile (see Figs. 2 and 3) but expansions 
appear to be higher for cements containing clinkers A and C, which have high C3A 
and MgO contents respectively. The results obtained with high sulfate cements, -5%, 
with these clinkers were similar to those obtained with the Type K expansive cement, 
-0.05%. The expansions for the Type K cement are smaller than those obtained using 
the ASTM C806 procedure because only expansion after demoulding at 24 hours is 
measured by the method used in this investigation. 

It has recently been suggested that cements with high clinker sulfate contents, 
particularly when linked with low alkali contents, may give long term expansions due 
to 'late' ettringite formation (8, 9). It is proposed that the clinker sulfate may be 
unavailable during early hydration, either because it is in an insoluble form or is 
incorporated in the clinker minerals. Clinker sulfate is normally present as alkali 
sulfates and calcium langbeinite (K2S04.2CaS04) and is readily soluble. As the 
sulfateíalkali ratio increases the proportion of potassium present as calcium 
langbeinite increases. An estimate of the maximum SO3 that can be incorporated in 
these readily soluble phases in a clinker can be calculated by assuming that all sodium 
in the clinker is present as Na2S04 and all potassium as calcium langbeinite. If the 
sulfate content of the clinker is greater than this value, the 'excess' sulfate (= total 
minus readily soluble) would be expected to occur as Caso4 or in solid solution in 
the main clinker phases, particularly C2S (1 1). Applying this method to the clinker 
analyses in Table 1 gives excess SOS contents of 0.4% in clinker C and 1.6% in 
clinker G. Only alkali sulfates and calcium langbeinite would be expected in the other 
clinkers. Despite this excess SO3 the cements based on these clinkers behaved in the 
same way as all the other cements, with no signs of continuing or late expansions 
when cured and stored at 20°C. 

Heat-treated mortars 

The curing temperature is clearly the dominant factor in determining whether 
large mortar expansions are observed. Expansions after curing at 70°C are the same 
as those obtained at 20°C. Curing at 80"C, for high alkali mortars only, or 90°C for 
most of the mortars, led to large expansions. These results are in agreement with 
other published data (1, 7), where no large expansions were observed with curing 
temperatures below some critical value, typically -8OoC, unless other expansion 
mechanisms were also present, such as ASR (12, 13). In the case of heat-treated 
pastes long delays have been observed before significant expansion takes place (4) 
but the critical temperature appears to be the same as for mortars. 

The evidence from laboratory investigations thus indicates that a temperature 
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above -70°C is necessary for subsequent expansion due to DEF. The reports of 
expansions not associated with high temperatures during curing have all involved 
investigations of field concretes. Analysis of crack patterns and the distribution and 
form of ettringite may be argued to be consistent with cracks having developed 
through the late formation of ettringite but in such field cases the large number of 
unknown factors makes definite identification of the cause of damage very difficult. 
It is generally accepted that ettringite will be deposited in cracks caused through 
some other mechanism but the extent to which the growth of such crystals can 
contribute to crack growth and damage to the concrete is still not clear (3, 9). 

The expansion data for mortars cured at 90°C containing the laboratory 
prepared cements (Tables 2, 3, 4 and 5 )  have been analysed previously (6). The 
expression 

Risk(9O"C) = 0.00474*SSA + 0.0768*Mg0 + 0.217*C3A + O.O942*c3s + 
1.267*Na20 eq. - 0.737*ABS[S03 - 3.7 - 1.02*Na20 es.] - 10.1 

IF Risk > O THEN Expansion = Risk ELSE Expansion = O 

was found to give good agreement with the data, as shown in Fig. 9. The factors 
involving SSA, SO3 and Na20 eq. are consistent with the data presented in Figs 6, 
7 and 8 and Table 5 .  The model is generally consistent with the published data (1, 7, 
14, 15). The factors SSA, C3S and Na20 eq. suggest that the rate of early silicate 
hydration is important. Brown and Bothe, (16), have shown that ettringite stability 
is reduced by the presence of C-S-H and Lewis et al., (17), have demonstrated that 
subsequent expansion is correlated with the quantities of sulfur and aluminium within 
the C-S-H immediately after heat treatment. Early strength is strongly linked to C3S 
hydration (18), and Kelham, (6), noted a correlation between cement early strength 
and expansion of heat-treated mortars. 

The data for blends containing fly ash or ggbs (Table 6) agree with the data 
from Heinz et al., (1). Even when cured at 90°C no damaging expansions were 
observed for blends containing 30% or more of fly ash or ggbs with portland cements 
which expanded by -1% when used alone. In one mortar the ggbs was pre-blended 
with ground fgd gypsum to increase the SO3 content to the same value as in the 
portland cement. No significant expansion was observed, indicating that the good 
performance of the blends is not simply due to dilution of the sulfate content. 

CONCLUSIONS 

1. The dominant factor in determining expansions was the curing temperature. 
Curing at temperatures below 80°C did not produce damaging expansions for any 
of the portland cements tested. 

2. The expansions observed in mortars maintained at 20°C were within the normal 
range for portland cements. They increased with increases in cement SO3, C3A 
and MgO contents and decreased with increasing cement fineness (SSA). 

3 .  Cements prepared from clinkers containing sulfate in the form of Caso4  
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(anhydrite) and/or included in the silicate phases showed no abnormal expansions. 

4. For mortars cured at 90°C expansions increased with increases in 

Cement fineness (SSA) 

Alkali (Na20 es.) content 

C3A and C3S (Bogue) contents and 

MgO content, 

and showed a maximum at a cement SO3 of -4%, increasing with cement 
alkali content. 

5 .  The presence of interground limestone accelerated expansions but did not 
influence the final expansion or the critical temperature. 

6. Mortars containing blends of fly ash (30% or 40%) or ggbs (30% or 50%) with 
cements that gave large expansions when used alone, did not expand after curing 
at 90°C. 

7. A Type K cement gave very similar behaviour to the portland cements. 
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TABLE 1-CLINKER ANALYSES (PERCENT BY WEIGHT). 

I 

I 

NaiO eq 

Free Lime 

t Loss on ignition 

2.4 

66.8 66.3 66.2 67.5 66.0 67.0 70.0 

0.7 1.0 2.5 0.6 2.0 0.7 0.6 

1.5 1 1.0 1 1.6 1 0:: 1 0-3 1 0.5 1 2.6 

0.4 0.2 0.2 0.5 0.3 

0.59 0.83 0.48 0.48 0.51 0.49 0.31 

0.22 0.17 0.06 0.26 0.14 0.25 0.22 

0.61 0.72 0.38 0.58 0.48 0.57 0.42 

1.5 0.4 1.8 0.4 2.0 1.0 1.2 
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Fig. 1-Expansion for mortars cured at 20 C (Clinker D cements). 
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Fig. 3-Effect of cement SSA on expansion after curing at 20 C. 
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Heat Curing and la te  Formation of Ettringite 

by V. Johansen and N. Thaulow 

Abstract: Paste, mortar, and concrete cured at temperatures above certain 
limits may exhibit expansion and cracking during subsequent exposure to 
varying moist conditions. This phenomenon originally became known as delayed 
ettringite formation, DEF. DEF results in a typical microstructure which is 
demonstrated with examples from field samples and laboratory-made samples. 
The microstructure is compared with examples of internal sulfate attack in 
laboratory sainples. These typical features include gaps around the aggregate 
where the paste shows an almost perfect replica of the individual aggregate 
surfaces. Expansion of the paste on a scale which is homogeneous relative to the 
aggregate would lead to such features. The chemistry in DEF is siinilar to that 
of sulfate attack. A inecliaiiisin involving hydrates of aluminates and possible 
unhydrated cement clinker particles i s  discussed. 

Keywords: curing; ettringite; expansion; models; sulfate attack 
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