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Strength development and microstructures were investigated for a hardened mortar using eco-cement 
manufactured by replacing a part of the raw materials with incineration ash of urban waste and a waste-der
ived aggregate of sintered sewage sludge. Back-scattered electron images and X-ray image maps showed 
that the porous zones of Ca(OH)2 usually observed at the interface between the normal Portland cement 
paste and aggregate did not form in mortars using the eco-cements. The hydration processes of eco-cements 
were discussed based on distribution maps of Cl, S, Mg, Na, K, Fe, Si, Al, Ca, and O.
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1. Introduction
Discharges of incineration ash of urban refuses and indus

trial wastes have been increasing every year, and shortage 
of disposal centers has become a vital problem in environ
mental conservation. During recent years, substantial 
efforts have been made in reducing and recycling these 
wastes. In order to utilize such waste materials and at the 
same time to preserve natural resources, techniques to 
manufacture cements from the incineration ash of urban re
fuses and sewage sludge have been developed.1),2) These ce
ments were called eco-cements after their environmental 
load-reducing properties. Because of the difference in the 
raw materials, their mineralogical compositions and hydra
tion behavior differ from the normal Portland cement 
(NPC). However, the microstructures of hardened mortar 
and concrete using eco-cements have not been clarified so 
far.

The strength, gas and water permeability, ion penetrabili
ty, and durability of concrete are associated with the pore 
structure, orientation, and crystal habit of Ca(OH)2 gener
ated at the transition zone formed at the interface between 
the cement paste and the aggregate. As for the ordinary con
Crete from NPC and natural aggregates, the texture and the 
composition of the transition zone have been elucidated, and 
the techniques for the control of the hardened concrete 
structure have been established.3)-5) However, there are no 
reports on the interface structures of the eco-cements be
tween the cement paste and the aggregates. In order to veri
fy the durability sand the usefulness of the eco-cements, it is 
necessary to elucidate their microstructures.

Furthermore, high-volume recycled waste concrete 
(HVRWC) containing several hundred kilograms or more 
of waste derived.materials as aggregates per cubic meter; of 
concrete using, NPC zhas been proposed.6) The structure and 
the strength of the hardened HVRWC have been reported 
for various kinds and amounts of waste-derived aggregates 
such as incineration ash of urban refuse, sintered coal ash, 
sintered sewage sludge, and glass cullet.7) In view of en
vironmental conservation, it is highly desirable to prepare 
HVRWC from both the eco-cement and the waste-derived 
aggregate. The study of interfacial structures between the 

eco-cement and the waste-derived aggregates will provide 
great information on the utility of HVRWC.

In this paper we focused on the microstructures of 
hardened mortars prepared from eco-cements, especially on 
the interfacial zone structure between the cement paste and 
the aggregate observed by means of scanning electron 
microscopy (SEM) and electron probe microanalysis 
(EPMA)

2. Experimental

2.1 Sample preparation

Mortarr specimens (160mm•~40mm•~40mm) were pre

pared using three types of cement: normal Portland cement 

(NPC), normal-type eco-cement with low chlorine (NEC), 

and rapid-hardening type eco-cement with high chlorine 

(REC), and two types of fine aggregates: Japanese Industri

al Standard (JIS) natural sand and water-quenched sintered 

sewage sludge (SS). Their chemical composition, minera

logical composition and surface area properties are shown in 

Table 1. The mineralogical compositions of the REC was 

estimated by using the following equations based on the as

sumption that the, compositions of the four major phases are 

C3S, C2S, C11A7•ECaCl2, and C4AF,

%C3S=4.071CaO-2.852503-7.602SiO2

- 5.718Fe2O3-3.519A1203

-3.22001+3.683Na20+2.424K20 (2.1)

%C2S=2.867SiO2-0.7544C3S (2.2)

%C11A7•ECaCl2=2.020A12O3-1.290Fe203 (2.3)

%C4AF=3.043Fe203 (2.4)

In Eq. 2.1, the terms of Na20 and K20 were added by as

suming that Na20 and K20 react with calcium compound to 

liberate CaO. On the other hand, the reaction of MgO was 

not taken into account because most of it distributed in

dependently as MgO during hydration, as discussed in 

Results and discussion section. The mixing ratio of mortar 

of cement: aggregate: water: was 1:3:0.5, and the speci

mens were cured in water at 20•Ž according to JIS R 5201.

2.2 Characterization

Bending strength and compressive strength tests of the
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mortar specimens were carried out at the ages of 3, 7, 14, 

and 28d. SEM and EPMA (JXA-8800, JEOL) observa

tions and analysis were carried out on specimens at the age 

of 28d. The specimens were dry-polished and characterized 

at the acceleration voltage of 15WV and the irradiation cur

rent of 0.1ƒÊA.

Table 1. Chemical and Mineralogical Compositions of the Cements and the Aggregates 
NPC, Normal Portland Cement; NEC, Normal-Type Ecocement; REC, Rapid-Hardening Type Ecocement; SS, Sintered Sewage Sludge

3. Results and discussion
3.1 Mechanical strength
Figures 1 (a) and (b) show the compressivee and bending 

strengths of the mortar specimens, respectively. As for the 
compressive strength, the eco-cements showed very similar 
strengths as the NPC at the age of 28 d though the early 
strengths of REC are higher than those of NPC and NEC, 
when the standard sand was used as aggregate. On the con
trary, when the SS was used, the two types of eco-cements 
showed slightly higher strengths than the NPC. The result 
suggests that the combination of the eco-cements and SS is 
comparable to that of NPC and sand after 28 d.

As for the bending strength, the specimens using the SS 
were inclined to show lower strength, by about 10-20 per
cent, than those using the standard sand. This difference 
can be ascribed to lower adhesive strength between the ag
gregate and the cement paste due to the glassy smooth sur
face of SS rather than to the strength of the aggregate itself. 
The REC and the NEC using the SS showed higher 
strengths than in the case of NPC using the SS. The in
fluence of the surface smoothness of the SS on the bending 
strengths was smaller in the case of eco-cements than in the 
case of the NPC.

3.2 Microstructure

The observed changes in strength are closely related with 

the microstructure of mortar, especially with the interfacial 

microstructure between the cement paste. and the

 aggregate.4) Figure 2 (a) shows a back-scattered electron 
image on the polished surface of hardened mortar using 
NEC and standard sand. The white parts of the image cor
respondsto unhydrated calcium silicates since the X-ray im
age maps in Fig. 3 (a) showed high contents of calcium and 
silicon at the part. The distribution of sodium coincides with 
that of the unhydrates, indicating that most of the sodium 
still exists in unhydrated solid solution. The distribution of 
magnesium does not necessarily correspond to those of the 
unhydrated calcium silicate or the chlorine, and part of the 
magnesium distribution correspond to that of iron. This in
dicates that the magnesium did not exist as a solid solution 
of calcium silicate such as C54S16AM8) nor form chloride 
during hydration; and that most of the magnesium exists as

 periclase (MgO), brucite (Mg(OH)2) and the solid solution 
of C4AF. It is exciting to note that the porous calcium-rich 
phase mainly consisting of Ca(OH)2 usually observed 
around the aggregate in the NPC mortars of water: cement 
ratio of 0.4 or more4),5) was not observed in the present ones 
having a water to cement ratio of 0.5. This indicates that the 
transition zone is not formed at the conventional water: ce
ment ratio in the mortar using the NEC. Therniogravimetry 
and powder XRD measurement also indicated that the calci
um hydroxide did not form in the specimen at the age of 28 
d, and the formation of the ettringite was observed in the 
XRD profiles. These can mainly be ascribed to the lower 
content of C3S and C2S in the eco-cement, and the calcium 
hydroxide formed by thehydration of NEC is assumedito be 
easily consumed to form ettringite.

Figures 2 (b) and 3 (b) show a back scattered electron im
age and an X-ray image rmp of mortar using the REC and 
thestandard sand respectively. The transitionzone was not 
observed in Figs. 2 (b) and. 3 (b) similarly to the, case with 
the NEC and the standard sandy These resultsindicate the
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adhesion between the two types of eco-cement paste and the 

sand were satisfactory, and this corresponds to the fact that 

their 28 d strengths were comparable to those of the NPC. 

The REC contains 0.9% of chlorine and 8.5% of S03 as 

shown in Table 1, and this can be also confirmed by the im

age map. The white parts of the image, which contain high 

content of calcium and silicon and hardly contain chlorine, 

corresponded to unhydrated calcium silicates in a similar 

manner as in the case of NEC (Figs. 2 (a) and Fig. 3 (a)). It 

is confirmed by these distributions that little alinite (C3S 

CaC12) or C2S• CaC12 are formed in the eco-cements.9) The 

size of the unhydrated calcium silicate is smaller because 

the hydration proceeds much more due to its higher hydra

tion activity than calcium silicate phase in NEC and NPC. It 

is not clear so far whether this difference in hydration activi

ty is caused by the difference in mineralogical compositions 

and crystal structures such as distortion, or in specific area. 

The distribution of chlorine almost corresponds to those of 

sulfur and aluminum. The concentrations of chlorine, sulfur, 

aluminum, and calcium in the chlorine-concentrated region 

are estimated as 1.5, 5, 9 and 30%, respectively. This pro

vides significant information on hydration products. Chemi

cal compositions of aluminum and sulfur in ettringite 

(3CaO• A1203•E3CaSO4•E32H2O) are 4.3 and 7.7%, and those 

in monosulfate hydrate (3Ca0•EAl203• CaSO4•E12H20) are

Fig. 1. Compressive strength (a) and bending strength (b) of the 
mortar specimens using three types of cements and two types of 
fine aggregates. NPC, normal Portland cement; NEC, normal type 
eco-cement; REC, rapid-hardening type, eco-cement; SS, sintered 
sewage sludge.

Fig. 2. Back scattered electron images on the polished surface of 
the mortars from (a) NEC and sand, (b) REC and sand, (c) NEC 
and sintered sewage sludge, and (d) REC and sintered sewage 
sludge.
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8.7 and 5.1%, respectively. The compositions of aluminum 

and sulfur in the chlorine-concentrated region are similar to 

those of monosulfate, indicating the sulfur mostly forms 

monosulfate hydrate. The chemical compositions of chlorine 

in Friedel's salt (3CaO•EA12O3•ECaC12•E10H2O) is 12.7%. 

Thus the chlorine-concentrated region contains about 10% 

or more Friedel's salt, which was estimated by dividing the 

chlorine composition of the concentrated region 1.5% by 

that of Friedel's salt 12.7%. From these results, part of the 

hydration scheme in the region can be proposed as follows.

 After mixing with water, ettringite is formed by hydration 
of calcium chloroaluminate C11A7• CaCI2, with gypsum, and 
it converts into monosulfate hydrate with time. In the 
process of hydration, about 10% or more of the monosulfate 
hydrate reacts with Cl-liberated from C11A7• CaC12 to form 
Friedel's salt.

Concentration (%)

(a) (b)

Figures 2 (c) and (d) show back scattered electron im
ages of hardened mortars using the SS as aggregate with 
NEC and REC, respectively. The surface of the SS was 
found to be smooth compared with that of the sand, and the
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transition zones were not observed also for these mortars. 
The surface smoothness of SS is due to the deposit of glass 
phase in the treatment process of sintering and water
quenching.10) Although the absence of the transition zone is 
favorable to strength, the surface smoothness of the ag
gregates can cause a reduction of the adhesive strength and 
consequently the lowering of the strengths, especially the 
bending. As shown in Figs. 3 (c) and (d), the behavior of 
the cement pastes were almost the same as the cases using 
the standard sand. The same discussions on the distribu
tions of each element are possible, and this indicates that 
chemical components affecting the hydration of cement do 
not elute from the waste-derived aggregate.

Fig. 3. X-ray image maps of mortars from (a) NEC and sand, (b) REC and sand, (c) NEC and sintered sewage sludge, and (d) REC and 
sintered sewage sludge.

4. Conclusions

The strength and the microstructures of hardened mor

tars using eco-cements and the waste-derived aggregates 

were investigated. Results obtained are summarized as fol

lows:

(1) The strengths of the specimens using the eco-ce

ments were comparable to those of the NPC. The decrease 

in strengths, particularly bending strengths, of mortars us

ing SS was thought to be due to its glassy smooth surface.

(2) The transition zone usually observed as a porous 

calcium-rich zone around the aggregate in NPC mortars of 

water: cement ratio of 0.4 or more was not formed in the 

eco-cement mortars having a water to cement ratio of 0.5. 

This is considered to be due to the accelerated consumption 

of Ca(OH)2 produced by the hydration of eco-cements to 

form ettringite owing to their lower contents of C3S and C2S.

(3) The distribution of magnesium in hardened mortar 

did not necessarily correspond to those , of calcium and sili
con, indicating that the most of magnesium existed as 

periclase (MgO), brucite (Mg(OH)2) and the solid solution 

of C4AF.

(4) The distribution of chlorine indicated that little chlo

rine did not exist in alinite (C3S•ECaC12) or C2S• CaC12 are 

formed in the eco-cements, and that it is incorporated into
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Friedel's salt produced by reaction with 10% or more of 
monosulfate , hydrate.

(5) The size of the calcium silicate of the REC which 
remained unhydrate was smaller than that of the NEC, 
showing its high reactivity.

(6) Chemical components affecting the hydration of ce
ment are deduced not to be eluted from the waste-derived 
aggregate.
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