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Abstract

 

Mechanical strength enhancement was investigated for recycling lower hydraulicity inorganic solid wastes (HISWs) from five different
building material manufacturing processes. The source materials are cement-gypsum composite board, cement fiber-reinforced board, cal-
cium silicate board, corrugated slate, and sludge from wastewater treatment plants. Mineral admixture of 80% anhydrite as an ettringite-
forming agent and 20% slag/fly ash as pozzolanic materials was added by weight ratio of cement. The specimens were prepared by the press
molding method or without pressure, and then cured with steam at 80

 

°

 

C. The flexural strength of specimens with added HISWs did not meet
the target standards for special use, regardless of source processes, addition ratio, and preparation methods without mineral admixture. The
long-term mechanical strengths of compacted specimens were enhanced under 50 kgf/cm

 

2

 

 pressure with the addition of 10 wt% mineral ad-
mixture due to the stimulated pozzolanic reaction by slag/fly ash and the ettringite formation by anhydrite. The increased intensity of ettrin-
gite and CSH gel peaks was detected in X-ray diffraction patterns and confirmed by scanning electron microscopic analysis. The flexural
strength was increased more than 30% and was not affected by the HISWs addition ratio. The water absorption ratio also was decreased with
the addition of mineral admixture. © 1999 Elsevier Science Ltd. All rights reserved.
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Lower hydraulicity inorganic solid wastes (HISWs) are
produced by the manufacturing processes for construction
materials such as insulation, ceiling, and interior wall mate-
rials. When the HISWs are landfilled, the foundation can
become soft and groundwater can be contaminated by alka-
line leachates [1,2].

In Japan, study of the recycling of cement sludge as raw
materials of cement, artificial lightweight aggregates, and
fillers of concrete has been advanced since the early 1980s
[3–5]. In Korea, the surface of HISWs was modified with an
emulsion of stearic acid and sodium stearate so that they
could be used as an additive for waterproofing cement mor-
tar [6,7].

If treated properly, HISWs can be new sources of useful
materials. Recycling and reuse of industrial, urban, and agri-
cultural waste materials into new building materials may be
a feasible alternative to waste disposal. Previous studies

showed sludge had a chemical composition of CaO unsuit-
able for recycling because it had been exposed to excess wa-
ter for a long period of time in a sedimentation tank [8–10].

In general, workability and bleeding can be improved
pozzolanic materials and segregation of raw materials, and
heat evolution of hydration also can be reduced. Products of
pozzolanic reaction give enhanced effects on durability, wa-
tertightness, chemical resistance to brine water, and long-
term mechanical strength. It also has been reported that ten-
sile strength can be greatly increased. Ettringite is produced
from the reaction of anhydrite (II-CaSO

 

4

 

) with C

 

3

 

A or C

 

4

 

AF
during steam curing. The initial hydration of C

 

3

 

S also is
stimulated by anhydrite at the beginning of steam curing
[11–14].

In this study, the mechanical strength enhancement for
recycling of HISWs from five different building material
manufacturing processes was investigated. Mineral admix-
ture of anhydrite and slag/fly ash was added to cement to
improve mechanical strength. The effects on physical prop-
erties such as water absorption ratio, and compressive and
flexural strengths of specimens were investigated.
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1. Experiment

 

1.1. Experimental materials

 

The lower HISWs from five different building material
manufacturing processes were used. The source materials
are cement-gypsum composite board (CGC), cement fiber-
reinforced board (CFR), calcium silicate board (CSB), cor-
rugated slate (CGS), and sludge from a wastewater treat-
ment plant (SLU). The chemical compositions of HISWs
are given in Table 1. The average moisture content of
sludge was adjusted to 50%. Because CSB and CGS had
lower SO

 

3

 

 content than SLU, CGC, and CFR, a smaller
amount of gypsum was used in CSB and CGS.

A mineral admixture was prepared from anhydrite and
slag/fly ash to improve strengths. Anhydrite was produced
from manufacturing process of hydrofluoric acid with the
reaction of CaF

 

2

 

 and H

 

2

 

SO

 

4

 

 at 500

 

8

 

C. The mixing ratio of
anhydrite, fly ash, and slag was 8:1:1, and mineral admix-
ture was added to cement on the basis of weight ratio. The
particle size in admixture was less than 10 

 

m

 

m.
Each mortar and specimen were made from ordinary

Portland cement (OPC) and sand as specified by Korean
Standard KS L 5100.

 

1.2. Experimental methods

 

According to KS L 5109, mortar were prepared with the
mixing proportions given in Table 2. HISWs were added to
sand for effective recycling as much as 30, 60, and 90 wt%
of cement on the basis of weight ratio.

Mortar specimens were prepared with the cast or press
molding method (50 kg

 

f

 

/cm

 

2

 

) in the mold, 40 

 

3

 

 40 

 

3

 

 160
mm, and then cured with steam at 80

 

8

 

C for 4 h. After steam
curing, mortar specimens were dry cured. Compressive and
flexural strengths of mortar specimens were investigated af-
ter curing periods of 1, 3, and 7 days.

CFR, CSB, and CGS in HISWs are recycled almost as
raw materials in the field, but CGC and SLU are not reused
nearly as much, so their amounts have accumulated gradu-
ally. Therefore, CGC and SLU were mixed as given in Ta-
ble 3. The additional amount of mineral admixture for each

mortar was 10 wt% by weight ratio of cement. The amount
of mineral admixture was determined in previous experi-
ments. Prepared specimens were cured by the same method
as given earlier and tested for compressive and flexural
strengths. After test of strengths (7 days), hydrates of mortar
specimens were analyzed by X-ray diffraction (XRD) and
scanning electron microscopy (SEM). Water absorption of
mortar specimens was measured in accordance with KS F
2451. The specimens were dried to be constant weight at
80 

 

6

 

 2

 

8

 

C, and then immersed in 20 

 

6

 

 2

 

8

 

C water for 24 hours.
The water absorption ratio was calculated using Eq. (1):

(1)

where W

 

0

 

 is the weight of the specimens before water im-
mersion, and W

 

1

 

 is the weight of the specimens after water
immersion.

 

2. Results and discussion

 

2.1. Compressive and flexural strength of specimens 
reusing HISWs

 

HISWs were added as much as 30 wt% (SLU-1 and pow-
der waste-1), 60 wt% (SLU-2 and powder waste-2), and 90

Water absorption ratio (%) W1 W0+( ) W0 100×⁄=

 

Table 1
Chemical compositions of sludge and solid wastes

Components

Wastes SiO

 

2

 

CaO MgO Al

 

2

 

O

 

3

 

SO

 

3

 

K

 

2

 

O Fe

 

2

 

O

 

3

 

H

 

2

 

O Total

SLU 7.6 22.8 2.4 2.5 10.0 0.8 3.9 50 100
CGC 14.1 44.1 7.4 1.6 30.4 1.1 1.3 — 100
CFR 12.1 47.8 7.7 2.6 26.9 1.0 1.9 — 100
CSB 44.0 42.4 5.4 3.8 1.2 1.4 1.8 — 100
CGS 27.5 51.4 11.6 3.7 2.2 1.0 2.6 — 100

Values are given as wt%.
SLU: sludge waste from waste water treatment plant; CGC: powder

waste from cement-gypsum fiber composite board; CFR: powder waste
from cement fiber-reinforced board; CSB: powder waste from calcium sili-
cate board; CGS: powder waste from corrugated slate.

Table 2
Mixing ratios of specimens using sludge and wastes

Sample name Cement
Sand/
cement

SLU/
cement

Solid waste/
cement

Water/
cement

OPC 1 3.0 0 0 45
SLU-1 1 2.7 0.3 0 45
SLU-2 1 2.4 0.6 0 64
SLU-3 1 2.1 0.9 0 89
Solid waste-1 1 2.7 0 0.3 45
Solid waste-2 1 2.4 0 0.6 64
Solid waste-3 1 2.1 0 0.9 86

Values are given as wt%.
Note: Solid waste is a general name for CGC, CFR, CSB, and CGS.

Table 3
Mixing ratios of mixed wastes (sludge 

 

1

 

 cement-gypsum composite 
waste) substituted specimens

Sample name Cement
Sand/
cement

(SLU 

 

1

 

 CGC)/
cement

Mineral
admixture/
cement

Water/
cement

OPC 1 3.0 0 0 45
SC-1 1 2.70 0.30 0 45
SC-2 1 2.40 0.60 0 64
SC-3 1 2.10 0.90 0 85
SC-P-1 1 2.70 0.30 0.1 45
SC-P-2 1 2.40 0.60 0.1 64
SC-P-3 1 2.10 0.90 0.1 86

Values are given as wt%.
SLU 

 

1

 

 CG: in equal proportion; SC: SLU 

 

1

 

 CGC; SC-P: SLU 

 

1

 

 CGC 

 

1

 

mineral admixture (10 wt%).
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wt% (SLU-3 and powder waste-3) as shown in Table 2, as
parts of sand by weight ratio of cement to investigate the ef-
fect on cement mortar strength. Compressive and flexural
strengths of specimens were tested after curing for 1, 3, and
7 days.

Except for SLU-1, specimens had similar values of com-
pressive strengths compared to the OPC specimens for cast
molding using 30 wt% HISWs as shown in Table 4. How-
ever, the strengths decreased with increasing replacement
of HISWs. It is considered that the decreasing tendency
of mortar strength was caused by the increasing water-
to-cement ratios, which were increased more than those of
OPC to maintain workability of mortars.

The compressive strengths of all specimens having more
than 60 wt% HISWs were significantly decreased by 7 days.

Lower hydraulicity of HISWs compared to OPC can cause
structural defects and result in remarkable decrease in
strength.

The moisture content of SLU was adjusted to 50% from
80% to 90%, which is the initial range of moisture content,
by a drying process to obtain the effects of moisture in
sludge on mortar properties. Moisture in SLU did not con-
tribute to the workability improvement of cement, so water-
to-cement ratios including moisture were much higher than
those of other HISWs. For that reason, compressive strengths
of cement mortar using SLU were remarkably decreased.
Therefore, the optimum replacement amount of HISWs with
sand was 30 wt% in the cast molding method. However, SLU
was unsuitable when used as a part of the sand in cement
mortar.

 

Table 4
Mechanical strengths of solid waste substituted specimens prepared by the cast molding method

Mechanical strength (kg

 

f

 

/cm

 

2

 

)

Added amount of solid waste
(wt %)

Compressive strength Flexural strength

Sample name 1 day 3 days 7 days 1 day 3 days 7 days

OPC — 210 262 318 35.0 40.0 48.0
30 191 213 248 28.4 34.0 39.5

SLU 60 165 199 209 25.0 27.5 33.4
90 147 176 190 20.0 25.0 28.8
30 211 263 325 37.5 40.5 48.1

CGC 60 204 248 303 31.5 36.4 44.2
90 200 235 272 29.4 34.0 35.9
30 207 252 315 34.9 39.1 46.7

CFR 60 202 243 298 30.5 35.5 42.7
90 197 231 269 28.4 33.1 41.0
30 212 262 320 36.0 41.2 46.7

CSB 60 203 251 300 32.5 35.6 44.0
90 200 239 268 28.2 32.8 39.0
30 207 249 313 34.6 39.0 45.1

CGS 60 201 237 298 30.2 35.2 42.3
90 196 232 260 27.5 32.0 37.5

Fig. 1. Compressive strengths of SLU (A) and CGC (B) of recycled specimens prepared by the press molding method.
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The flexural strengths with curing periods of specimens
using HISWs are shown in Table 4. When HISWs were re-
placed with sand as much as 30 wt%, the flexural strength
was nearly the same as that of OPC. The flexural strength of
mortar using SLU was lowest. The compressive strengths of
the mortar exceeded the requirements of KS F 4004, but
flexural strength did not.

 

2.2. Compressive and flexural strength of 
compacted specimens

 

Press molded specimens using SLU were tested to deter-
mine how good the compressive and flexural strengths
were. More SLU is produced than other HISWs, but the
strengths of specimens using SLU seem to have the lowest
values. Although CGC could be recycled as raw material,
residual wastes have been accumulating.

Compressive strengths of compacted specimens using
SLU and CGC were shown in Fig. 1. In Fig. 1A, the com-

pressive strengths of specimens using SLU seemed lower
than those of OPC but 20% higher than those of cast speci-
mens. Fig. 1B shows that the strengths of specimens using
CGC were much higher than those of OPC and 7% higher
than those of cast specimens. But the compressive strengths
showed decreasing tendency with an increasing amount of
SLU and CGC, even in compacted specimens.

The reason for the increasing compressive strengths of
compacted specimens can be explained as follows. When
specimens were compacted, the pores of the specimens were
filled with fine powder, so the structure became dense, and,
as a result, compressive strength improved. As compared
with Table 4, the compressive strength of specimens using
SLU were improved to a greater extent than that of CGC.

Flexural strengths of the specimens using SLU and CGC
are shown in Fig. 2. Flexural strengths of the specimens us-
ing SLU were lower than those of OPC, which is similar to
the compressive strengths results, but the specimens using
CGC 30 wt% have higher values than OPC. In particular,

Fig. 2. Flexural strengths of SLU (A) and CGC (B) of recycled specimens prepared by the press molding method.

Fig. 3. Compressive strengths of SC recycled specimens prepared by the press molding method. (A) Without mineral admixture; (B) 10 wt%(C 3 %) mineral
admixture.
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the strength of the specimens using CGC 30 wt% appeared
30% higher than that of OPC at 7 days. This result was due
to reinforcement by cellulose pulp, which was supplied dur-
ing the CGC manufacturing processes as a reinforced fiber.
The requirement of KS F 4004 for 7-day compressive
strengths were met by specimens using both SLU and CGC,
but only specimens using CGC met flexural strengths re-
quirements.

 

2.3. Compressive and flexural strengths of specimens with 
added mineral admixture

 

Most SLU specimens did not meet the flexural strength
requirement. Therefore, to use SLU in place of sand in ce-
ment mortar, it was mixed with CGC, as shown in Table 3.
Compacted specimens were tested for compressive and flex-
ural strengths for replacement amounts of 30% (SC-1 in
Table 3), 60% (SC-2), and 90% (SC-3). At this time, the
mineral admixture composed of anhydrite as an ettringite-
forming agent and slag and fly ash as pozzolanic materials
was added to improve the mechanical strength on the basis
of weight ratio to cement. The mineral admixture had a
composition of 80% anhydrite, 10% slag, and 10% fly ash.
Generally 10 wt% mineral admixture was used.

Fig. 3A shows that the compressive strengths of the SC
samples were remarkably improved and greater than those
of specimens using SLU alone. Fig. 3B shows that the
strengths of SC-P were more improved than those of speci-
mens with added CGC alone. Therefore, mineral admixture
improved of the compressive strengths of SC samples.

Fig. 4A shows that flexural strengths of SC samples were
more improved than those of the specimens using SLU, but
did not satisfy KS F 4004. In contrast, flexural strengths of
SC-P-1 (Fig. 4B) were remarkably improved and satisfied
the standard KS irrespective of the replacement amount of
SC in 7 days. Therefore, SLU and CGC could be practically

recycled as a part of sand in the production of cement block
or in interlocking, if 10% mineral admixture of 10% is
added on the basis of cement weight ratio.

 

2.4. Water absorption of specimens with added 
mineral admixture

 

Water absorption ratios of specimens using SC and SC-P
after immersed for 24 h are shown in Table 5. The water ab-
sorption ratio of OPC was 12.5%. The ratio of SC was
higher than that of OPC, and the ratio was more increased
with an increasing replacement amount of SC. This ten-
dency was considered to be that SC itself had high absorb-
ing properties, and excess water was trapped in macropores
in the mortar specimens.

The water absorption ratios of SC-P-1 were lower than
those of OPC, and the ratio was slightly increased with an
increase of replacement amount of SC-P. It is assumed that
this tendency could result from adding mineral admixture of
anhydrite as an ettringite-forming agent and slag/fly ash as
pozzolanic materials.

The water absorption ratios of SC-P were slightly de-
creased due to the packing effect of hydrates. The water ab-
sorption ratios of SC and SC-P satisfied with 20% of KS
F 2451.

Fig. 4. Flexural strengths of SC recycled specimens prepared by the press molding method. (A) Without mineral admixture; (B) 10 wt%(C 3 %) mineral
admixture.

 

Table 5
Water absorption ratios of SC and SC-P substituted specimens prepared by 
the press molding method

Added amount
(C 

 

3

 

 %)

Specimen

OPC SC SC-P

0.0 12.5 — —
0.30 — 14.5 12.0
0.60 — 16.7 13.4
0.90 — 19.4 16.5
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2.5. Analysis of hydrate by XRD and SEM

 

Figs. 5 and 6 show XRD analyses and SEM photographs
of hydrates with added SC and SC-P, respectively. The ma-
jor compounds of cement were not detected after steam cur-
ing at 80

 

8

 

C for 4 h (Fig. 5A), indicating complete hydration
to Ca(OH)

 

2

 

, CSH gel. Ettringite produced by the reaction of
CaSO

 

4

 

?

 

1/2H

 

2

 

O and C

 

3

 

A changed into monosulfate. Cal-
cium silicate hydrates and Ca(OH)

 

2

 

 were observed in the
SEM photograph in Fig. 6A.

In Fig. 5, various hydrates peaks were detected in XRD
patterns of (B) and (C) added SC and SC-P, respectively.
XRD patterns of (B) and (C) are nearly similar. The ettring-
ite peak at 9.042 degree (2

 

q

 

) strongly increased and did not
change into monosulfate.

In Fig. 6, hydrate morphologies of (B) were different
from those of (C). (B) shows long thin-plate hydrates con-
sidered to be hydrates already present in sludge. Ettringite
and other hydrates grow into short needle-like crystalline;
otherwise, ettringite and cement hydrates develop due to the
reaction of anhydrite and 3CaOAl

 

2

 

O

 

3

 

, pozzolanic materials
and Ca(OH)

 

2

 

, respectively, in (C).

 

3. Conclusions

 

The conclusions are summarized as follows for physical
properties and water absorption of cement mortars using
mineral admixture and HISWs from five different building
material manufacturing processes.

1. The highest compressive and flexural strengths were
obtained from specimens using CGC from the ce-
ment-gypsum composite board producing process.
The lowest strengths were seen in specimens using
SLU with high moisture content.

2. Strengths of specimens prepared by press molding
were higher than those of specimens prepared without
pressure. Specifically, the compressive strength of press
molded specimens using CGC were 7% higher than
that of cast specimens; for specimens using SLU the in-
crease was more than 20% that of cast specimens.

3. Compressive strength of specimens with mineral ad-
mixture added (SC-P 30 wt% on the basis of cement
weight) was 7% higher than that of specimens without
the admixture, and flexural strength of specimens us-
ing SC-P 30 wt% was improved by more than 30%
compared to specimens using only SC.

Fig. 5. XRD analysis of OPC hydrate (A) and hydrate with SC (B) and SC-
P (C) after steam curing at 808C for 4 h.

Fig. 6. SEM photographs of OPC (A), SC added (B), and SC-P added (C)
hydrates after steam curing at 808C for 4 h.
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4. Water absorption ratio of specimens using SC-P 30
wt% was 0.5% lower than that of OPC, but the water
absorption ratios were slightly increased with increas-
ing replacement of SC-P.

5. Ettringite and other hydrates were produced from the
stimulated reaction by mineral admixture of anhydrite
and slag/fly ash.
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