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ABSTRACT

Millions of tons of concrete debris are annually generated by natural
disasters. For instance, the San Fernando Earthquake of 1971 generated
5 million tons of concrete debris. Disposal of such massive quantities
of concrete waste poses a difficult problem, Moreover, during the recon-
struction period significant demand usually develops for construction ma~
terials, with resulting material shortages and price inflation.

In the wake of a natural disaster, therefore, a sudden upsurge in
supply of concrete debris coincides with a compelling demand for construc-
tion materials. Recycling of concrete debris as aggregate for new con-
crete suggests itself as an environmentally responsible mechanism for sol-
ution of the problem which is posed. In this report we examine the tech-
nical and economic aspects of such a solution.

Qur findings suggest that such recycling of concrete debris is tech-
nologically feasible. Moreover, it is economically attractive provided
that at least one million tons of concrete debris has been produced by the
catastrophic event,
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CHAPTER 1

INTRODUCTION

Concrete debris is generated steadily as a result of the "normal" death
of structures. Successful recycling of such debris and especially its use
as aggregates for new concrete, is highly desirable because it can contri-
bute to the solution of serious problems. Major natural disasters also
lead to production of large amounts of concrete debris. Successful recy-
¢ling of debris from a major natural disaster is even more desirable because
it promises to solve particularly severe problems.

Several metropolitan areas are presently experiencing sericus waste
disposal (43) and aggregate availability (28,29,40) problems. Concrete is
the most popd]ar construction material and the most abundant one in demo-
lition debris: it accounts for 67% by weight of all demolition debris (56).
Disposal of such massive quantities of concrete waste poses a difficult prob-
lem due to the decreasing availability of dumping areas. At the same time
urban expansion has led to closing of some aggregate plants and stricter
environmental laws have led to closing of still others. For these reasons,
aggregates are locally unavailable in several metropolitan areas. Conse-
quently, the bulky and heavy aggregates have to be transported from increas-
ingly longer distances at a greatly increased cost. These problems could be
largely solved if concrete debris which is produced daily following the "nor-
mal" death of structures were to be recycled and used as aggregates for new
concrete,

Serious as they may be, the debris disposal and aggregate availability
problems described above cannot compete in severity with similar problems in
the wake of a major disaster. In the latter case, immense quantities of
concrete debris are produced: a Tlarge metropolitan area produces every year
a few hundred thousand tons of concrete debris (15). By contrast, an
earthquake of the intensity of the San Fernando earthquake of 1971 pro-
duces a few million tons! This ocean of concrete debris would have to
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be dumped, Later, during reconstruction following the disaster, there is
a large demand for materials, with resulting shortages and price infla-
tion (19). Concrete recycling as concrete aggregate following a natural
disaster would go a long way towards solving these waste disposal and
availability problems at the savings of millions of dollars and in an en-
vironmentally responsible way.

Recycling of concrete debris following a major disaster presents us
with special problems: the quantities of debris produced exceed by far the
quantities of debris normally produced. On the other hand, while an urban
area produces a constant flow of concrete debris for the years to come,
the debris quantity produced by the natural disaster is a one-time event.
It follows that the optimal recycling technology and the resulting econ-
amies in the case of a natural disaster will be very different from what
is normally encountered.

Previous work (for instance Ref. 4,15,56) in the area of concrete
debris recycling is limited to debris produced during the novrmal death of
Sstructures and does not address the special problems - and outstanding
benefits - of concrete recycling following a natural disaster.

This report is the end product of a study designed to assess the
feasibility of recycling concrete debris as aggregate in areas that have
suffered destruction. The specific objectives of the study were to deter-
mine:

1) The technological feasibility of concrete recyc1fng as aggregate for
new concrete.

2) The quantities of concrete debris produced following a natural dis-
aster as a function of the intensity of the latter.

3) The optimal recycling technology as a function of the quantities of
concrete debris to be processed.

4) The economic feasibility of concrete recycling following a natural
disaster. _

An assessment of the technological feasibility of concrete recycling
is presented in Chapter 2 of this report. Previous work on the topic
(4,16,18,27,39) has established that pieces of old concrete free from con-
taminants, such as gypsum, wood, plastics, etc., are a satisfactory'
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substitute for natural aggregate in the production of new concrete. Ad-
ditional studies and experience have shown (7,31,33,45) that of the con-
taminants in concrete debris, gypsum {calcium sulfate) is the least de-
sirable because of the vulnerability of concrete to sulfate attack. Find-
ings from previous studies of the effect of gypsum on the properties of
concrete are not directly applicable to this work. Such studies have been
motivated by additions of gypsum to cement, a step used by cement pro~
ducers io control cement setting. Such additions involve very small quan-
tities {1-3 percent by weight of cement) of finely pulverized gypsum. Ac-
cordingly, the above studies investigate the effect of relatively small
quantities of pulverized gypsum on concrete properties.

On a building demolition site, gypsum is found mixed with concrete
debris. As the latter is destined to become aggregate in the production of
new concrete, the gupsum mixed with it will also become part of the new
concrete, The amount of gypsum debris in the latter is a statistical
quantity that can exceed by far the quantities of gypsum in previous stu-
dies. Moreover, the size of gypsum particles in recycled aggregate con-
crete is far coarser than the fine particles added by cement producers and
studied previously.

It is useful to know the extent of the influence of gypsum debris on
the new concrete under realistic conditions, If such influence is sig-
nificant then a sorting system should be used to eliminate deleterious
contaminants of concrete debris and the cost of the final product - recy-
cled aggregate - is going to increase. In this work we have established
realistic bounds of the effect of gypsum contaminant on the technological
properties of new concrete so that an informed decision can be reached on
whether such sorting is necessary. In order to enhance the present know-
ledge in the area we have also studied certain fundamental mechanical and
physical properties of concrete produced with uncontaminated concrete de-
bris as aggregate. '

. Characteristic quantities of concrete debris generated by an earth-
quake are assessed in Chapter 3. Such an assessment is necessary in Tight
of the fact that the optimal recycling technology and the resulting
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economies are both a function of the scale of operation. We are not aware
of any previously published work in either the general area of construction
materials losses or the more specific area of concrete materials losses
foliowing an earthquake. Such paucity of published studies is somewhat
surprising in view of the fact that the great bulk of material waste in

an earthquake is in the form of demolition debris and most of the latter,
67% by weight, is concrete. The scope of this part of our study is Timited
to earthquake produced debris.

The design of four concrete recyciing plants appears in Chapter 4.

As many as fourteen concrete recycling plants are currently in operation
(52). These are mostly portable plants, easily assembled at the site of
concrete debris accumulation. They are typically associated with highway
projects where the demolished pavement concrete is recycled into a base
aggregate (9,42,52) and in one case {14) into aggregate for new concrete
pavement. Concrete debris produced in the demolition of highways is free
of contaminants and, for this reason, existing plants have no facilities
for cleaning the processed debris, Typically, these plants are recycling
a few thousand tons of debris in each highway project.

_In previous work (15) one of the authors has designed a 180 TPH ca-
pacity plant that includes a sorting system for concrete decontamination.

In this work {(Chapter 4) we have designed concrete recycling plants
that can sort, crush and screen concrete debris at capacities of up to
750 TPH. These plants are based on standard, widely used equipment. In
Chapter 4 we also assess the potential of more sophisticated technology
that can be used in recycling operations of even larger scale.

The economics of concrete debris recycling following a natural dis-
aster differ from what they would be following the "normal" death of struc-
tures. While in the latter case there is a constant flow of processable
debris each year for the years to come, a natural disaster releases a huge
flow of processable debris immediately.

Recycling of concrete debris following a natural disaster can best be
handled through a combination of plants which operate for various short
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pefiods of time and are then relocated as the flow of debris decreases.

There are infinite such combinations of plants and operating periods.
In this work (Chapter 5) we have studied in detail the economics of eleven
such promising combinations in order to determine under which conditions
investment in these recycling schemes is economically justified.
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CHAPTER 2

TECHNOLOGICAL FEASIBILITY OF CONCRETE RECYCLING

2.1 INTRODUCTION

Concrete debris produced in the demolition of buildings is contamin-
ated with a variety of materials, such as metals, bricks, gypsum, wood,
plastics and glass. By contrast, the debris produced in the demolition of
highways is free of contaminants. Sixty percent of concrete debris comes
from the demelition of buildings; 15 to 20 precent of concrete debris comes
from the demolition of highways (14).

Previous work in the area of technological feasibility of concrete
récyc]ing deals primarily with uncontaminated concrete debris. When the
latter is used as aggregate in the production of new concrete, it has been
established that:

1) best results can be obtained when concrete debris replaces coarse
aggregate only (4);

2) The compressive strength of concrete produced with the recycled ag-
gregate is somewhat lower than that of natural aggregate concrete
(4,16,18,27,39). However, mix proportions of the recycled product
can be manipulated to obtain equal strength with the conventional
product (27).

3) The stiffness {16) and flexural strength (27) of concrete produced
with recycled aggregate is somewhat lower than that of conventional
concrete.

4) The freeze-thaw resistance (4,27), volume stability (4) and worka-
bility (4,16,27) characteristics of concrete based on recycled aggre-
gate are similar to those of the conventional concrete.
0f the major contaminants in concrete debris, metals and bricks do

not cause any problems if mixed into a new concrete. Both of these con-

taminants have high intrinsic strength, form a good bond with cement and,
except in the case of bricks with a high sulfate content (31,45), do not
react with cement.
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Crushed glass has been experimentally used as aggregate in asphalt
pavement (6,7,46), as well as in concrete. It is reported that crushed
refuse glass has been substituted for about 30 percent of natural aggre-
gate in Portland cement concrete (37). The results seem to indicate that
problems involved in using waste glass in Portland cement products can be
‘overcome and that the use of glass in concrete is feasible.

The presence of wood chips in concrete causes deleterious effects due
to the presence of tannin. For this reason organic matter in general, and
wood in particular, should be excluded from high quality concrete {(33).

The possibility of sulfate attack on concrete due to the presence of
gypsum (calcium sulfate) presents by far the most serious problem asso-
ciated with the use of contaminated concrete debris as aggregate. Gypsum
is found in bui]ding demolition in the form of plaster, wall-board and the
like.

Previous work (5,10,23,25) has established that the presence of gypsum
in concrete affects the rate of setting and volume stability of the 1étter.
It has been shown that gypsum retards the early hydration of cements of
high or moderately high tricalcium aluminate (C3A) content and accelerates
the hydration of cements of low C3A content, Furthermore, it has been es-
tablished that C3A in Portland cement reacts speedily with gypsum under
suitable physico-chemical conditions to form a complex calcium hydrosul-
foaluminate compound. Formation of the latter, and its subsequent crystal-
lization in the shape of thin needles or prisms, is accompanied by con-
siderable increase in volume. Should hydrosulfoaluminate be formed during
the early stages of hardening, when cement is still a viscous fluid, then
it is a structurally useful compound, increasing the strength of the paste.
The formation of crystalline sulfoaluminate in a hardened cement paste,
however, is accompanied by a disintegration of the paste because of the
growth of the voluminous crystals and the considerable strains arising as
a result. (5)

Findings from previous studies of the exact effect of gypsum on the
properties of concrete are not directly applicable to this work. Such
studies were motivated by the small additions of pulverized gypsum used by
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the cement producers to control setting of cement. Accordingly, previous
studies involve relatively small quantities of gypsum, the latter in the
form of very fine particles.

On a building demolition site gypsum is found mixed with concrete
debris. As the latter is destined to become part of the new concrete, the
gypsum mixed with it will also become part of the new concrete. The amount
of gypsum debris in the latter is a statistical quantity that can exceed
by far the gquantities of gypsum used in studies previously reported (5,10,
23,25). Moreover, the size of gypsum particles in recycled aggregate con-
crete is far coarser than the very fine particles added by the cement pro-
ducers and studied previously,

Useful information on the effect of gypsum debris in concrete under
realistic conditions can be gained from the German post World War II exper-
jence. At the time demolition debris was used as a construction material
in Germany. The recycled debris consisted largely of brickwork, building
blocks, isolated pieces of concrete and édherent 1ime or cement mortar
and was used as concrete aggregates for the production of concrete roofs,
floors and wall slabs (33). In spite of the fact that the resultant con-
crete has been found satisfactory, a warning appeared in a German publica-
tion of the time to the effect that where gypsum mortar or plaster board
are present in the debris, care should be taken to ensure that the con-
tent of the soluble sulfate should not exceed 1% by weight of the cement
and a qualitative test for sulfate was described (33). However, Germany
at the time was in the early stages of its economic recovery and only lim-
ited attention had been paid to an indepth study of the influence of gypsum-
contamination of concrete as aggregate. The meager data on the topic was
not augmented by British publications of the time because, even though
recycled demolition debris was used in this country as aggregate, gypsum-
contaminated concrete was used only for filling, land reclamation and as a
road-base material (33).

Most of the debris is contaminated and it is therefore useful to de-
cide whether decontamination is necessary. To this end, it would be de-
sirable to know the extent to which gypsum contamination of the debris
affects the properties of the resultant concrete.
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In this work we have established the bounds of influence of the gypsum
contaminant of concrete debris on the strength of concrete produced with
such contaminated debris as aggregate. In order to faithfully represent
actual conditions we have used in our studies gypsum in the quantity and
particle sizes that abpear in the field. Furthermore, to provide a ref-
erence and to enhance our knowledge in the area we have studied the strength
properties of concrete produced with uncontaminated concrete debris as
. aggregate.

Both types of recycled concrete debris (gypsum-contaminated and uncon-
taminated) have been additionally used as aggregates to study the worka-
bility, stiffness and volume stability characteristics of the resultant
concrete.

The experimental variables studied in our work include the water to
cement ratio, age of the specimens, type of portland cement used and degree
of gypsum-contamination.

2.2 EXPERIMENTAL PROCEDURE

Previous work (4) on uncontaminated concrete debris as aggregate for
new concrete suggested that best results are obtained when the recycled
material is used as coarse aggregate only. Accordingly, in this work,
waste materials were used solely as substitutes for coarse aggregates.

Concrete produced with natural coarse aggregate from the quarry was
used as bontro1. Additionally, several specimens of recycled aggregate
concrete (RAC) were produced with uncontaminated recycled concrete aggre-
gates and referred to in this work as "uncontaminated RAC." The latter,
containing no gypsum contamination, provided an upper bound for the anti-
cipated properties of gypsum-contaminated concrete.

The performance of concrete produced with gypsum contaminated con-

- crete aggregate was compared to the performance of the control and of un-
contaminated RAC. We have studied two degrees of gypsum contamination,
recycled concrete {coarse) aggregate containing 5% by weight gypsum (“con-
taminated RAC") and coarse aggregate containing 100% gypsum ("gypsum-mortar
mix"). We view the 5% gypsum contamination (by weight of coarse aggregate)
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as a conservative figure, whereas a 100% contamination level was used to
get a lower bound for the anticipated properties.

In order to simulate the characteristics of actual concrete debris,
gypsum was present in our mixes in pieces ranging from 1/16 to 3/4 in.

- The effect of gypsum contamination depends on the amount of C3A con-
tent present in the cement. Accordingly, we included in our study two
types of portland cement: Type I with a high (11%) CBA content, and Type
II with a low (5%) C,A content.

To study a possible latent expansion, we studied gypsum contaminated
specimens aged up to 49 days.

To assess the effect of amount of water in the mix on the relative
merits of contaminated and uncontaminated specimens, we studied four levels
of the water to cement ratio.

2.2.1 Materials

The materials used in this study are 1isted below, together with a
short description.

cement: In our experiments we produced specimens with portland cement
Type I and additional specimens with portland cement Type II
(ASTM C-150)

water: Potable tap water.
sand: Natural river sand, mostly fine-grained granite.

gravel: For control purposes, the coarse aggregate used was granite gravel,
50% crushed, from the quarry.

old concrete aggregate: Pieces of old concrete used as coarse aggregate
in this work came from a 2-year 01d concrete slab produced in our
laboratory and subsequently crushed with an electric demolition
hammer. The slab was made of portland cement Type III (ASTM C-
150), granite sand with a fineness modulus of 2.80 and granite
gravel, 50% crushed, with a fineness modulus of 7.00. The ratio
of cement to fine aggregate to coarse aggregate was 1:2:3 by
weight and the water to cement ratio 0.50 by weight. Specimens
produced from the same batches as the old concrete slab. showed a
14-day strength of 3780 psi.

gypsum: Rehydrated, commercially available plaster of paris was our gypsum
contaminant. It was crushed to a maximum size of 3/4 in.
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2.2.2 Mixed Proportions

A11 control and RAC mixes were proportioned on a ratio of 1:2:3
by weight for cement, sand and coarse aggregate, respectively., The amount
of water was varied to achieve water to cement ratios of 0.45, 0.55, 0.65
and 0.75 by weight, which were employed in connection to the compression
and stump tests, while the water to cement ratio used in connection to the
volume stability and stiffness tests was 0.55 by weight.

The same grading was used for coarse aggregate in all control and RAC
mixes: maximum size 3/4 in, 60% retained on a 3/8 in sieve and 100% re-
tained on a No. 4 sieve. In the contaminated RAC mixes, 5% by weight of
each weight fraction of coarse aggregate was replaced by gypsum. The
above amounts of gypsum in the specimens is equivalent ot a 303 content of
7% by weight of cement.

The gypsum mortar mixes could not be proportioned in the same ratio
as the control and RAC mixes; to do so resulted in an unworkabie mix with-
out sufficient paste to coat all the gypsum-aggregate. These mixes were
proportioned, instead, in a ratio of 1:2:2.25 by weight, for cement, sand
and gypsum respectively. This is equivalent to a 503 content of 105% by
weight of cement.

Fine aggregate used in all control, RAC and gypsum-mortar mixes was
the same: natural sand with a fineness modulus of 2.80.

2.2.3 Geometry, Curing and Testing of Specimens

Compressive Strength Tests Concrete cylinders for the compression test
had a diameter of 3 iﬁ and a height of 6 in. After casting, specimens
were stored at 72°F and 100% R.H. until tested. At least 3 and usually
more cylinders from each concrete mix were tested during the testing day
according to ASTM C-39.

Modulus of Elasticity Tests The static modulus of elasticity in com-

pression was determined for all concrete cylinders produced with a water
to cement ratio of 0.55. This was accomplished by measuring the deforma-
tion of the specimen with a 3 in dial gage during the compression test,
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Volume Stability Tests The same concrete cylinders with a water to
cement ratio of 0.55 that were used for the 49 day compression test were
also tested for expansion. The volumes of these cylinders were measured
at 1, 14, 28 and 49 days of age by the following method: they were re-
moved from the curing tank, dried until they achieved the saturated sur-
face dry condition, and weighed, first in air, then in water. The volume,
V was computed from the following formula (11):

(W)

Y

where wa is the weight of the specimen in air, ww is its weight in water,
and vy is the specific weight of the water.

Slump Tests The workability (consistency) of all concrete mixes was
measured with a 6-in-high cone. The Tatter was selected over the stand-
ard 12-in-high cone because of its moderate demands on materials quanti-
ties consistent with the relatively small cylinders produced. The smailer
cone adequately served our purpose of comparing the relative workability
of the RAC or gypsum-mortar mixes and of the controls.

2.3 RESULTS

Compressive Strength The compressive strength of all tested mixes is
shown in Table 1. Values from this Table for a constant water to cement
ratio of 0.55 and for both types of cement used have been plotted in

Fig. 1T as a function of time. Additionally, strength data from Table 1,
for a constant age of 28 days and for both types of cement used have been
plotted in Fig. 2 as a function of the water to cement ratio.

In both Figures 1 and 2, curves B (zero gypsum contamination) and
D {100% gypsum contamination) represent the upper and lower bounds, re-
spectively for the compressive strength of gypsum contaminated specimens.
Furthermore, in both of the figures above, the effect on strength of the
replacement of natural aggregate with pieces of {uncontaminated} old con-
crete is reflected in the difference between curves B and A (control).
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When natural aggregate was replaced with pieces of old concrete there
was a decline in the strength of concrete from between 0 and 29%. There
was a further decrease in strength as gypsum particles replaced the old
concrete aggregates; this decrease was positively related to the amount of
gypsum present: when gypsum replaced 5% of coarse aggregate the resultant
decline in concrete stfength was between 0 and 51%. When gypsum replaced
100% of coarse aggregate, the resultant decrease in strength was from 42
to 85% (Table 1, Figs. 1 and 2).

Use of portland cement Type II seemed to yield better results than
those obtained with portland cement Type I with the contaminated RAC speci-
mens. The difference was significant only at high water to cement ratios
and with more advanced ages. On the other hand, gypsum-mortar specimens
prepared with Type I and Type II cements had comparable strengths (Table
1, Figs. 1 and 2).

The relative merits of contaminated RAC, uncontaminated RAC and con-
trol do not seem to vary with time. In the gypsum-mortar specimens the
rate of growth in strength is Tower than that in the rest of the speci-
ments. This is especially true for ages after 28 days where some of the
gypsum-mortar specimens even experienced a decline in strength (Table 1,
Fig. 1).

The water to cement ratio does not appear to affect significantly
the relative merits of the contaminated RAC and its controls (Table 1 and
Fig. 2). The gypsum-mortar specimens seemed to be Tess sensitive to the
water to cement ratio than the rest of the specimens {Fig. 2).

Modulus of Elasticity Similarly to strength, the modulus of elasticity
decreased when pieces of old concrete replaced natural coarse aggregate;
this decline was between 2 and 10% (Fgi. 3). When gypsum replaced part
of the old concrete aggregate there was a further decline in stiffness:
the modulus of contaminated RAC was from 20 to 30% lower than that of

the control (Fig. 3).

Volume Expansion Gypsum-mortar specimens stored continuously in water

showed significantly larger volume expansions than did the rest of the
specimens stored under similar conditions (Table 2). Gypsum-mortar
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specimens produced with portland cement Type II showed a smaller expansion
than similar specimens produced with portland cement Type I (Table 2).

Workability The uncontaminated RAC and control were equally workable.
Contaminated RAC was somewhat less workable, but the difference in work-
ability (consistency) was not significant. Gypsum-mortar specimens were
significantly less workable (Table 3).

2.4 DISCUSSION

When natural aggregate was replaced with uncontaminated pieces of
old concrete, the resultant material had a strength of at least 71% that
of the natural aggregate concrete. This finding is in agreement with
findings in References 4, 16, 18, 27 and 39.

In natural aggregate concrete it is usually the aggregate-paste bond
that is the weakest (strength determining) link, so that the fracture sur-
face proceeds preferentially around the aggregate and through the aggre-
gate paste interface so that the high strength of the agaregate is not
utilized. It follows that the strength of concrete will not be signifi-
cantly decreased if natural aggregate is replaced by a weaker material,
provided that the aggregate-paste bond will continue to be the weakest
link and that the strength of the bond will not be affected. This is the
case when waste concrete aggregate is primarily gravel (16). When recycled
aggregate particles are primarily mortar, however, they are weak enough to
become the weakest link in the new concrete and it is due to the presence
of this type of aggregate that the strength of concrete is reduced (16)
relative to the natural aggregate concrete.

When gypsum replaced part or all of old concrete aggregate a further
deterioration in strength was observed (Table 1). One reason for this is
that gypsum aggregates are much weaker than the pieces of concrete they
replace; weak enough to become the weakest 1ink in concrete. An additional
reason is that gypsum probably reacted with the C3A in cement to produce an
expansion that caused deterioration of the paste. This expansion was clear-
ly seen in the case of gypsum-mortar specimens (Table 2). Furhtermore, an
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indication that there was a chemical reaction between the gypsum contamin-
ant and C3A in cement comes from the fact that the volume expansion of
gypsum-mortar specimens based on Type II cement was smaller than the volume
expansion of similar specimens produced with cement Type I (Table 2).
Additionally, the strength of contaminated RAC based on Type II cement

was greater than the strength of similar specimens produced with Type I

cement {Table 1). ~

OQur strength measurements in the contaminated RAC specimens did not
show that gypsum affected the rate of strength growth (Table 1). Should
gypsum in these mixes have acted either as a retarder or an accelerator,
its effect should have ended before the age of 14 days, when our measure-
ments started.

-The recycled aggregate concrete or gypsum-mortar mixes had a Tower
modulus of elasticity than the control. This finding is expected since
recycled concrete aggregate, as well as gypsum, have a lower modulus than
natural aggregate and, in addition, it is well known that the modulus of
concrete depends significantly on the modulus of its aggregates.

Replacement of natural aggregates by old concrete aggregate did not
affect workability (Table 3). This was due to the good particle shape of
recycled aggregates together with the fact that the latter were used in
the saturated surface dry condition.

2.5 CONCLUSIONS

From the technological point of view, uncontaminated concrete debris
is a satisfactory aggregate for the production of new concrete. RAC pro-
duced with uncontaminated concrete debris has a somewhat lower strength
than natural aggregate concrete of similar composition. On the other hand,
the mix design can always be manipulated to yield a product of similar
strength. For instance, it can be seen from Fig. 2 that when portland
cement Type I is used, natural aggregate concrete produced with a water
to cement ratio of 0.75 has the same strength és does uncontaminated RAC
produced with a water to cement ratio of 0.65
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Findings from this and previous investigations summarized in Table
4 also confirm the technological adequacy of uncontaminated recycled con-
crete as aggregate for new concrete.

When gypsum contaminated concrete debris is recycled as aggregate
for new concrete the strength and stiffness of .the latter suffers a re-
duction the magnitude of which is positively related to the amount of
gypsum in the mix. For instance, if gypsum in the new concrete mix com-
prises 5% by weight of the coarse aggregate, the strength of the product
can be as high as 51% of the strength of natural aggregate concrete. In
the extreme case where gypsum comprises 100% of coarse aggregate, the
strength drops to 15% of the value of the control. In this case the
strength of the mix is only about 700 psi. We conclude that concrete
aggregate which has been contaminated with gyspum can be used in the pro-
duction of low strength concrete only. . In the usual case where a concrete
strength of 3,000 to 4,000 psi is required, only uncontaminated concrete
aggregate can be used. Accordingly in the design of recyciing plants,
which is presented below in Chapter 4, we have included sorting equipment
that eliminates concrete debris contaminants.
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CHAPTER 3

ASSESSMENT OF THE QUANTITIES OF CONCRETE

DEBRIS PRODUCED IN AN EARTHQUAKE

To assess the economic feasibility of concrete recycling following:
an earthquake it is necessary to estimate the quantities of generated
concrete debris: a prerequisite for the economic justification of con-
crete debris recycling is the presence of sufficiently large quantites of
concrete debris so that a recycling plant of optimal size can be operated
at high utilization factors.

In this part of our work we have developed a method for estimating
the quantities of concrete debris produced from building and highway dam-
age in an earthquake as a function of the intensity of the earthquake
and of the specific construction characteristics of the earthquake stricken
area. Our method can be used by persons in decision-making positions in
disaster areas to arrive rapidly at an estimate of the quantities of such
~ debris, By use of such estimates an informed decision can be reached on
whether debris should be dumped or should be saved in a nearby Tocation
for economically justifiable recycling.

In the last part of this chapter we have applied our method to assess
the quantities of concrete debris generated by the 1971 earthquake of San
Fernando.

3.1 METHOD FOR ESTIMATING THE QUANTITIES OF CONCRETE DEBRIS: AN QVERVIEW

To arrive at an estimate of the amount of concrete debris generated
from building damage in an earthquake, we have used a technique known as
the Damage Probability Matrix (DPM)(Table 5). This matrix relates ground
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motion, defined in terms of earthquake intensities, to building damage,
which is defined in terms of damage states defined verbally and in terms
of costs in Table 6, Col. 2 and 3. The matrix can be used to estimate

the percent of total square footage in the earthquake area in each damage
state. Although the DPM is applicable to non-wooden construction only,
its usefulness in our study is not decreased, since in wooden construction
concrete is used in the foundations only and the latter are considered not
recyclable.

We are only interested in structural damage, since concrete is a
structural material. - Such damage will only be generated at damage states
which are considered "heavy" and "total" ("none,” "light" and "moderate"
damage states produce no structural damage [Table 6]). Furthermore, earth-
quakes of Modified Mercalli Intensities (MMI) less than VII normally pro-
duce negligible structural damage. Accordingly we have Timited ourselves
to a condensed version of the DPM shown in heavy brackets in Table 5: it
includes only "heavy" and "total" damage states and earthquake intensities
of MMI VII or higher. ‘

For the purpose of this study it was convenient to redefine (Section
3.2) the "heavy" and "total" damage states in terms of the amount of con-
crete per square foot of building space that needs replacement in each of
the above states.

To obtain an estimate of the total square footage in each damage
state, and thereby estimate the total amount of debris in the earthquake
area, we based ourselves on the building inventory in the area. (Through
use of the DPM the latter is allocated to the various damage states.) Data
on the building inventory for most areas in the U.S. is not readily avail-
. able. For this reason, and because such data is needed soon after the dis-
aster for optimal decision-making with regard to concrete debris, we des-
cribe, in Section 3.3 below, a method for obtaining a quick estimate of
building inventory in the affected area.

The total amount of concrete debris generated in each of the damage
states constitutes the total tonnage of concrete debris (Section 3.4},
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An outline of our method for building damage estimation appears in
Fig. 4.

We have devised a similar method for estimating the gquantities of
concrete debris generated from highway damage in the earthquake area
(Section 3.5).

3.2 AMOUNT OF CONCRETE PER SQUARE FOOT OF BUILDING SPACE THAT NEEDS
REPLACEMENT IN A HEAVILY OR TOTALLY DAMAGED BUILDING

A1l concrete debris is produced in the structural damage producing
states designated "total" and "heavy" (Table 6). When the damage is
"total," 100% of concrete in the structure joins the debris category
(Table 6, Col. 4). The question then is: "Under heavy damage, what per-
centage of structural concrete needs replacement?".

To answer this question we contacted seven experienced professionals
and scholars in the area of earthquake engineering and asked them to pro-
vide us with an estimate of the percentage of concrete that would have
to be replaced in a heavily damaged building (see Appendix II). Their
estimates ranged from 5 to 25%, with an average of 11.2%. Accordingly, in
this study we have assumed that 11% of structural concrete has to be re-
placed in a heavily damaged building (Table 6, Col. 4).

To translate the above percentages into tons of concrete per square
foot, we had to know the concrete content per square foot of building
construction. This was estimated in the following manner:

1) For each one of the last 10 years, the amount of concrete con-
sumed in the United States for the construction of building space was di-
vided by the amount of building square footage produced in that year.
From the numerators we subtracted in each case the amount of concrete used
for basements and foundations, as this amount is not recycled, and from
the denominators we subtracted the square footage of wood-based construc-
tion. The latter is far more resistant to earthquakes (34) and contains
no recyclable concrete. The figures we derived for the Tast 10 years
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ranged from 0,04 to 0.10 tons of concrete per square foot of building
space with an average value of 0.084 tons per square foot.

2) The amount of concrete in four typical non-wood frame buildings
was calculated and found to range from 0.036 to 0.08 tons per square
foot, with an average value of 0.057 tons per square foot.

Based on the results of the above two estimating methods we assume
below that, on the average, 0.06 tons of concrete are used per square foot
of building construction.

We combine our findings to derive that 11% of structural concrete of
0.06 tons per square foot, that is, 0.0066 tons of concrete per square
foot, needs replacement in a heavily damaged building. Furthermore,
100% of structural concrete, or 0.06 tons per square foot needs replace-
ment in a totally damaged building, The above is reported in Table 6,
Col. 5 and constitutes a definition of damage states in terms of concrete
debris genération.

3.3 AMOUNT OF SQUARE FOOTAGE WHICH IS HEAVILY OR TOTALLY DAMAGED

To arrive at an estimate of total square footage in each of the dam-
aged states "heavy" and "total" requires knowledge of the inventory of .
building space in each of the areas which has suffered MMI VII or higher
(Table 5). Once the above inventory is known, one can use the DPM in
TabTe 5 to allocate it into the "heavy” and "total" damage states; and to
derive the total amount of damaged square footage, one has to sum up the
damaged square footage in each region that has suffered an MMI VII or
higher (see Fig. 4).

A difficulty in the application of this method is presented by the
fact that an inventory of building space is not readily available for most
areas in the country. Given the appropriate resources, such information
can be obtained rather awkwardly from several sources. For instance, one
can use very detailed maps (scale 1/600 to 1/200)}(47) that exist for all
but rural areas in the country. These maps contain a plan view of buildings
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(from which one can derive the square footage per story), information on
the number of stories (which yields the total square footage per build-
ing), the end-use of the building (whether an apartment or office building,
etc.), and the basic structural material (which allows exclusion of wood- .
based square footage). To cover an area as small as a county one might
have to accumulate information contained in about 40 volumes of maps: a
process that may require a few months at a cost of a few tens of thousands
of dollars.

Alternatively, one can use one of the existing data sources on on-
going construction projects (for example, Ref. 13) to derive the inventory
of building space. The above data exists for the last decade in detailed
and comprehensive form and includes square footage of buildings and basic
structural material. One can therefore sum up the non-wood based square
footage built during the last 10 years in the area and then make the assump-
tion that the above sum represents a given fraction of the total inventory
in order to arrive at an estimate of the total inventory. To apply this
method, the required information from the data files has to be collected
and summed up at an expense of time and money.

Following an earthquake, quick decisions have to be made on the fate
of concrete debris: should it be disposed of in a dump or should it be
recycled as concrete aggregate? The answer to the above depends on the
quantity of generated concrete debris, which has to be rapidly assessed.
The latter depends, in turn, on a rapid assessment of the building inventory.

To arrive at the desired rapid estimate of the inventory of building
space in an area that has suffered an earthquake of giveh intensity, we
suggest the following:

a) By personal inspection (flying over or driving through) of the
earthquake stricken area (or even better, from an isoseismal map, if one
is available) assess the square mileage of urban land that has suffered a
given earthquake intensity (in this case, an intensity of MMI VII or higher).
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b) Similarly, assess the location of a "spot" (say, about 0.10
square miles), in the above areas which is representative in terms of
building density.

In the case study that follows, we have made the assumption that build-
ing density decreases Tinearly with distance from the center of the urban
area (this assumption is supported by published data; see, for instance,
Ref. 2). For areas where the above assumption holds, if BC (Fig. 5) is a
diameter of the area which has suffered a given earthquake intensity and
D is the center of this area, then the density at D is representative of
the average density in the area. Of course, if A, the center of the urban
area, is close to center D of the earthquake stricken area, then another
"spot" in between D and C or D and B has to be chosen as representative.

c) Once a representative "spot" D has been decided upon, building
density in an area limited geographically to the very small region that
D occupies is assessed through use of very few maps (17) or other available
data on building density. Because of the very limited area of coverage,
information on building density can be obtained speedily in this manner
at a cost of few tens of dollars.

d) Multiply building density, in square feet per square mile of land
at the representative "spot" D {derived in step "c" above) by the total
square mileage derived in "a" above, to arrive at the total inventory of
space in the area suffering a given earthquake intensity.

3.4 TOTAL TONNAGE OF CONCRETE DEBRIS GENERATED

Through use of the DPM (Table 5), the total inventory of building
space in the area is allocated to the various damage states. The square
footage in each of damage states "heavy" and "total" is then multiplied by
the amount of concrete debris generated per square foot in the above
states (after Table 6). The total tonnage of concrete debris produced is
the sum of debris produced in each of the damage states "heavy" and "total"
(see Fig. 4).
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8.5 HIGHWAY DAMAGE ESTIMATION

A DPM for highways, similar to the one in Table 5 which was developed
for buildings, apparently is not available at this time. Therefore, one
has to rely on an actual survey of damaged mileage. Fortunately, such a
survey can easily be done: most highway damage is conspicuous, and an
aerial inspection may readily give a good idea of the extent of damage
suffered. For instance, by flying over the destroyed region one can deter-
mine that approximately "x" highway miles suffered "heavy" and "y" miles
suffered "moderate" or "minor" damage. What is needed, then is a defini-
tion of damage states for highways, both verbally and in terms of per-
centage of concrete that needs replacement.

We have critically reviewed the 1iteréture on highway damage by earth-
quakes and, on this basis, have derived the definition of highway damage
states .given in Table 7, Columns 1 to 3. In the same Table we derive the
amount of concrete debris generated from highway damage (Col. 4) by multi-
plying the percentage of concrete that needs replacement in the various
damage states (Col. 3) with a concrete content of 6600 tons per highway
mile (22).

3.6 CASE STUDY: THE SAN FERNANDO EARTHQUAKE OF 1971

We have applied the method described above to estimate the quantities
of concrete debris generated in the San Fernando earthquake of 1971. We
selected the above case because of the excellent damage statistics that
exist (see, for example, Refs, 3,49,50, and 53).

3.6.1 Concrete Debris Generated from Building Damage

During the San Fernando earthquake of 1971, 65 apartment buildings
and 574 commercial-industrial buildings were totally damaged, while 265
apartment buildings and 1125 commercial-industrial buildings were heavily
damaged (3)(Table 8, Col. 1 and 2).

Ninety-nine percent of the surviving buildings had 1 to 3 stories (34)
and most of them used wood as the major structural material (wood-based



~33-

construction has superior earthquake resistance (34,48). We have made the
assumption that the majority (80%) of non-wood based buildings that suf-
fered major damages during the above earthquake had 3 stories or more;
furhtermore, of the above buildings (80% of the total), apartment build-
ings had an average floor space of 110,000 square feet, and commercial-
industrial buildings had an average floor space of 130,000 square feet
(53). The additional 20% of damaged buildings had an average floor space
cof 11,000 and 13,000 square feet for apartments and commercial-industrial
buildings, respectively. Using the above, the average square footage of
damaged apartment buildings in the area was calculated to be 0.8 x 110,000
+ 0.2 x 11,000 = 90,200 square feet, while that for commercial-industrial
buildings was 0.8 x 130,000 + 0.2 x 13,000 = 106,600 square feet (Table 8,
Col. 3).

"The total amount of concrete debris generated from buildings is esti-
mated in Table 8 as follows: the number of damaged buildings multiplied
by the average square footage per building gives the number of damaged
square feet. The latter is mu1t1p11éd by the tons of concrete debris
generated per square foot of damaged space to give the total amount of
concrete debris_generated from buiidings.

As can be seen from Table 8, a total of about 5 million tons of con-
crete debris was generated from buildings in the San Fernando earthquake.
The above estimate is based on actual data on the number of severely
damaged buildings and their square footage (3,53). This is the type of
data that typically become available between severai months and a few
years after an earthquake.

For a rapid estimate of severely damaged space in the San Fernando
earthquake of 1971 we have used the method described in Section 3.3 of
this paper and have then compared our results with the field data appearing
in Table 8, Col. 4.

The rapid estimate involved the following steps:

a) From the isoseismal map for the San Fernando earthquake of 1971
appearing in Fig. 6, we estimated that 437 square miles of urban area
suffered an earthquake intensity of VII, 69 square miles suffered an
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earthquake intensity of VIII and finally, 13 square miles suffered an earth-
quake intensity of IX (Table 9, Col. 2).

b) The area centers in the above areas were taken as representative
"spots" in terms of building density. The Tlatter are at distances of 5,
17 and 22 miles from the center of Los Angeles for areas experiencing in-
tensities of VII, VIII and IX, respectively (Table 9, Col. 3).

Residential and non-residential space has been studied separately in
order to test our method in greater detail.

¢) The representative densities derived above have been multiplied
by the total square mileage suffering a given intensity to derive an
estimate of the total affected square footage (Table 9, Col. 5 and 11).

d) Of the total affected square footage, one-third had been designed
according to Uniform Building Code (UBC) zoning O requirements and the re-
maining two-thirds according to UBC zoning 3 requirements (53)(Table 9,
Col. 6,7,12 and 13). In each case, the percentages reported in the DPM
in Table 5 have been used to allocate the square footage to the "heavy"
and "total" damage categories (Table 9, Col. 8,9,14 and 15)}. It was
found that 6.45 million square feet of residential space was totally dam-
aged and an additional 14.61 million square feet of residential space
was heavily damaged. Furthermore, 73.4 million square feet of non-
residential space was totally damaged and an additional 165.18 million
square feet of non-residential space was heavily damaged (Table 9). |

The above results of our estimation procedure are compared in Table
10 with results based on field data. From the above Table, it can be seen
that our rapid estimates of damages space are on the average within 18%
of the more accurate estimates based on field data and in no case deviate
more than 39% of the more accurate results.

3.6.2 Concrete Debris Generated from Highway Damage

A total of 66 bridges with a total length of 6 miles suffered some
damage in the San Fernando Earthquake of 1971 (3). Of these, about 25%,
or 1.5 miles, sustained heavy damage; 50%, or 3 miles, sustained moderate
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damage and the rest was only damaged in a minor way. (Derived from data
in Ref. 3.) Based on the above and using the numbers in Table 7, Col. 4,
the total tonnage of concrete debris generated from bridge damage was
derived: 1.5 miles x 6600 tons/mile + 3 miles x 660 tons/mile, or 11,880
tons of concrete debris.

In addition, a total of 35 highway miles was damaged. Of these,
15% or 5.25 miles, was heavily damaged and 40%, or 14 miles, was moderately
damaged. (Derived from data in Ref. 3.) Therefore, the total amount of
concrete debris from highway damage was {see Table 7, Col. 4): 5.25 miles
x 6600 tons/mile + 14 miles x 660 tons/mile, or 43,890 tons of concrete
debris.

For both bridges and highways, the total amount of concrete debris

generated was 11,880 + 43,890, or 0.0557 x 10° tons.

3.6.3 Total Amount of Concrete Debris Generated in the San Fernando
Earthquake of 1971

The sum of concrete debris generated from building damage (estimate
based on field data) and highway damage in the San Fernando earthquake of
1971 is 5.0122 x 10% + 0,0557 x 10% or 5.07 x 10° tons.

3.7 SUMMARY AND CONCLUSIONS

Following an earthquake, decisions have to be reached on whether the
quantities of concrete debris generated are large enough to justify recy-
cling. To assess the tonnage of generated debris, one has to know the quan-
tity of debris generated per square foot of damaged space and the total
amount of damaged square footage.

In this study, we have estimated the quantity of concrete debris
generated per square foot of damaged space for each damage category.

Once the inventory of building square footage is known for an area
which has suffered an earthquake of given intensity, one can use the esti-
mation technique known as Damage Probability Matrix to allocate the existing
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square footage into the various damage states and thus arrive at an esti-
mate of the tonnage of concrete debris produced during the catastrophic

event.

For cases where the building inventory in the earthquake stricken area
is not known, we have suggested a rapid method for estimating this inven-
tory and have subsequently used our method in a case study for which ade-
quaté field data exists. Results from the suggested rapid estimate were
of the same order of magnitude as those estimated on the basis of actual
data (Table 10).

We have applied our method for assessing the quantities of concrete
debris produced by an earthquake in the specific case of the San Fernando
earthquake of 1971. Our results show that 5 x 106 tons of concrete debris
were generated in the above earthquake. It is remarkable that this amount
is 16 times the amount of concrete debris generated annually in an area
such as the Boston metropolitan area (15) and about 17% of the amount of
concrete debris generated annually in the entire U.S. (56).

A summary of the quantites of concrete debris generated from "normal"
and "violent" death of structures appears in Fig. 7. A few thousand tons
of concrete debris are produced in a highway project involving demolition
of the old pavement (41). A few hundred thousand tons are produced every
year in a large metropolitan area (15). A few million tons of concrete

debris are produced in a major natural disaster.

In order to cover most of the range of quantities of concrete debris
produced in a natural disaster we have studied the recycling economics of
concrete debris quantities ranging from 0.5 to 10 million tons.
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CHAPTER 4

RECYCLING TECHNOLOGY

4.7 INTRODUCTION

Based on published data on the post-disaster era (]9) we have assumed
a 6-year reconstruction period matched with a 6-year debris clearance
period. Furthermore, we have assumed that debris clearance following a
natural disaster decreases linearly with time and that construction of a
recycling plant in the disaster area is completed by the sixth month fol-
lowing the disaster. During the latter period any debris which is removed
will not be recycled but rather will be dumped. The above assumptions are
depicted graphically in Fig. 8.

To avoid significant debris accumulation at the recycling plant we
have additionally assumed that the quantities of debris removed each year
from the site will be recycled and sold as aggregate during the same year.
This implies that aggregate demand for reconstruction follows the same
pattern as debris removal.

Based on the above assumptions and for a total amount of debris gen-
eration ranging from 0.5 to 10 million tons we have derived the annual
processable quantities of concrete debris in Table 11.

By use of the information in this Table we have designed 4 recycling
plants with capacities ranging from 120 to 750 TPH. This implies that,
if operated at full capacity, the largest of the designed plants will pro-
cess about 1.5 x 106 tons of debris per year. Larger plant capacities are
not justified in 1ight of the fact that the disaster generated {debris)
input to these plants decreases linearly with time to zero at the seventh
year after the disaster.
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Most of concrete debris originates during the demolition of buildings
(14) and is thus contaminated with gypsum, wood, plastics, glass and
metals. For this reason the recycling plants designed in this work in-
clude sorting processes.

On the average, 67% by weight of demolition debris is concrete (56).
Steel members and copper pipes have an attractive resale value and are
therefore reclaimed at the demolition site. This increases the concen-
tration of concrete in the demolition debris arriving at the plant.
Furthermore, as will be discussed below, we have adopted a charging system
for the debris dumped in the plant which will encourage further the in-
creased concentration of incoming concrete. For these reasons we have
assumed that, of the demolition debris arriving at the recycling plant,
as much as 75% by weight is concrete (Fig. 9).

Our estimates have shown that it is economically advantageous to have
a sanitary land fill (SLF) adjacent to the concrete recycling plant in order
to avoid the high transportation cost associated with disposal of non-
concrete debris in a distant dump. Consequently, in the plant designs that
follow we have assumed a SLF of this type. The capacity of the latter to
absorb non-concrete debris will determine the life of the recycling plant
at the site.

There is a choice between a portable and a stationary recycling plant
The disadvantage of a portable plant is that standard portable equipment
is of small to medium capacity. For this reason, when standard equipment
is used, a portable system cannot take advantage of the more efficient
large capacity equipment used in Targe scale operations. On the other
hand, a portable system offers flexibility: the recycling plant can be
relocated when processable debris in the area has been decreased to the
point where plant operations are not economically justified or the plant
can be relocated in the same general area next to a new SLF when the old
SLF is filled. Because of the overriding need for flexibility, all plants
designed in this work are portable ones.
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4.2 DESIGN OF CONCRETE RECYCLING PLANTS

To design the recycling plants described below, we have critically
reviewed the literature on presently existing recycling plants (9,15,38,
41,42,43,52) (The latter are of relatively small capacity and without any
sorting facilities.) Secondly, we contacted several manufacturers of
equipment used in recycling plants and invited their help in the design of
the four plants describe in this report (see Appendix III, Letter to the
Manufacturers). Three of the manufacturers whom we contacted responded
with useful suggestions. After completing a preliminary design we again
invited the comments of the above manufacturers and incorporated some of
their suggestions in the design (see Appendix IV, Second Letter to the
Manufacturers). '

Our final designs appear schematically in Figures 10 to 13, while a
list of equipment and associated costs appears in Tables 12 to 15. The
designed plants have capacities of 120 to 300 TPH (Fig. 10, Table 12);

300 to 450 TPH (Fig. 11, Table 13), 450 to 600 TPH (Fig. 12, Table 14) and
600 to 750 TPH (Fig. 13, Table 15), A1l equipment selection is based on
existing models.

The various steps in the recycling of concrete debris together with
a materials balance for each of the four plants appear in Fig. 9. The
first process involves preliminary cleaning and size reduction. This is
followed by primary crushing, magnetic and manual separation of ferrous
debris, sorting of lightweight impurities and, finally, secondary crushing.

Preliminary Cleaning and Size Reduction Debris brought to the recycling.
system mostly consists of concrete pieces with embedded steel re-bars or
wire meshes. Additionally, there are considerable quantities of wood and
brick, together with small quantities of gypsum, plastics and glass (Fig. 9).
At the preliminary cleaning stage, one or more bulldozers are used to pick
up targe pieces of non-concrete debris.

Concrete pieces too large to be fed into the recycling system have to
be reduced in size. For this purpose, the designed plants use ohe or more
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hydraulic hammers mounted on backhoes (with buckets removed). Steel rods
Tonger than two feet are unacceptable with most of existing systems (52)
and are therefore cut into shorter lengths by re-bar cutters.

Primary Crushing After preliminary cleaning and size reduction opera-
tions, the debris is fed into a hopper-feeder and through the latter into
a screen which separates it into two categories: larger than 4" debris
which has to go through primary crushing, and smaller than 4" debris which
bypasses primary crushing.

Feeding equipment used in all 4 plant designs includes front-end
loaders. Additionally, in the two larger plants, we have included a drag-
line crane with bucket to assist in the feeding operation. Following the
above equipment comes a vibrating feeder and hopper which regulates the
flow of debris into a screen. The latter in the three larger plants de-
signed in this work is a perforated plate, as shown in Fig. 14, which sorts
out steel rods unattached to concrete before they get fed into the primary
crusher.

We have followed common practice in concrete recycling (Table 16) in
selecting a jaw type primary crusher. Concrete debris entering the jaw
crusher still carries attached steel bars. For this reason we have selected
heavy duty jaw crushers that also contain some type of tramp-iron-release
device (8).

- In the jaw crusher steel rods are physically separated from concrete
and are discharged Tengthwise through the discharge opening of the crusher
to the under-crusher belt conveyor. If the headroom between the dis-
charge opening and the under-crusher belt conveyor is not large enough, long
steel rods may just stay half-way through the discharge opening and block
the opening. A previous operation at Taylor, Michigan (22) elevated the
jaw crusher 6-8 ft above the under-crusher belt conveyor and also installed
a turning type chute below the discharge opening so that discharged steel
rods hit the conveyor belt at a less damaging angle. With standard portable
systems one cannot obtain a 6-8 ft headroom below the discharge opening.

For this reason we have used in the plants designed in this work an under-
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crusher belt conveyor that has a spring adjustment and can therefore be
moved downward when a long steel rod forces through and blocks the dis-
charge opening.

Magnetic and Manual Separation of Ferrous Debris After the steel rods
have been effectively separated from the concrete pieces in the jaw crusher,
they are sorted out manually, when long, or else by an overhead magnetic
separator and magnetic head-pulley installed at the end of a Tong (50 ft)
and wide (42 in) belt conveyor which serves as a "picking table." This is

the same belt conveyor with the spring adjustments immediately following
the jaw crusher,

In order to avoid complete shut-down of the system in case of mal-
functions caused by the steel rods, a surge pile, in the design of the
three larger plants, has been used to serve as a relay so that downstream
operations (e.g., secondary crushing, washing and screening) can operate
independently of the upstream operations (e.g., feeding, primary crushing
and magnetic sorting). The surge pile system consists of a trench in the
ground with belt conveyor and feeder installed.

Sorting of Lightweight Impurities The Tatter mostly include gypsum,
in the forms found in construction, wood chips and plastics.

, To sort out the above materials, one can adopt one of the many pro-
cesses used by the aggregate processing industry. In this work we have
followed the advice of people in the industry (35) in selecting a screw
type washer dewaterer (Fig. 15) which simultanecusly separates and sorts
lightweight impurities and dewaters the washed aggregate so that the latter
can be sent directly to a secondary crusher.

Secondary Crushing Following the screw washers-dewaterers is a screen
which directs the Targer than 1.5 in aggregate to further size reduction

in a cone crusher. The latter is of the short—head type operating in closed
circuit (Figs. 10 to 13). Selection of a cone type secondary crusher fol-
Tows the concensus of experience (Table 16) and is based on the fact that
this type of crusher produces a relatively coarse aggregate consistent with

the requirement that recycled concrete be used as coarse aggregate only.
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(The alternative would have been a crusher based on grinding or impact

action, e.g. an impactor, which produces a much finer product.)

Additional Operations in the Recycling Plant These include stock-piling
operations handled through the use of radial stackers and water supply
and power generation operations.

4.3 POTENTIAL OF NEW TECHNOLOGIES FOR THE RECYCLING PLANTS

The design of the concrete recycling plants presented in section 4.2
above is based on standardized, widely used equipment. For very large
plant capacities one may consider use of more sophisticated technology.
For instance Table 17 Tists certain rather sophisticated methods for
preliminary size reduction of the concrete debris and considers their
limitations. Most of these methods are good for special situations only.
For instance, thermic lancing, an insatiable user of energy, is advisable
as a means of concrete cutting only in cases where noise restrictions pre-
vent the use of more rapid but noisier methods.

It has been suggested (55) that a water jet cutting system is poten-
tially attractive for preliminary size reduction of concrete debris.
Presently, there is intensive research but as yet no commercial applications
in this area. Water jets have been used commercially, however in other
applications, such as mining operations (24), dismantling of railway box-
cars (51), cleaning ships* hulls {21) and quality cutting such as cutting
shoe parts from synthetic materials (26).

In a water jet cutting system, a thin stream of water passes through
a braided hose to a hand-held lance that is fitted with water flow con-
trols and nozzels selected for their cutting efficiency.

To cut concrete, water pressures of about 10,000 psi are used, the
exact pressure depending on the desired rate of cutting. At higher pres-
sures one can cut higher strength materials, for instance, at a water
pressure of 150,000 psi one can cut steel. A British manufacturer of pump
equipment has carried out tests with water jets plus an added abrasive. In
these tests a 3-inch thick reinforced concrete pipe was cut using a 150
HP pump and a water pressure of about 10,00 psi (24)



-43-

Among the advantages of water jets is their maneuverability, which

- is higher than that of equipment in Table 17. Concrete pieces may simply
be shot by a high pressure water stream from a lance handled by a worker.
This avoids a lot of positioning of equipment which is usually necessary
for other types of size-reduction equipment (e.g., crane or drop-ball).
Alternatively, the water jet can be installed with mechanical control

and acts as a traversed cutter.

Among the disadvantages of water jets are that the pumping equipment
presently available is noisy; the water-cleanliness requirements are high;
and the nozzles and controls are not sufficiently robust for use by un-
skilled personnel.

The economic attractiveness of water jet systems for concrete cutting
cannot be assessed at this point because no such system has yet been de-
veloped to a commercial level. '

A rather sophisticated sorting system for preliminary cleaning of
demolition debris has been developed in Ref. 55 and is schematically shown
in Fig. 16. In this scheme the incoming debris is cut to short lengths
by a traversing cavitating water jet assisted by an overhead squeeze roller.
Following this, pieces of ferrous metals are sorted out by a drum magnet,
fine materials are separated through a vibrating screen and finally, Tight-
weight material is sorted out by a suction fan. The remaining debris has
to go through additional steps of sorting and crushing.

4.4 THE SANITARY LAND FILL ADJACENT TO THE PLANT

The size of the SLF (acreage and depth) is determined by the total
estimated volume of non-concrete debris that will be disposed of there
during the period of plant operations in the location.

A lining of 2 inches of asphalt and 6 additional inches of sand will
cover the surface of SLF to prevent leaching problems.

The equipment needed at the SLF includes compactors (bulldozers) and
scrapers. The latter will do the job of scraping soil out of the ground
and spreading it later on the compacted debris.
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CHAPTER 5

ECONOMIC FEASIBILITY OF CONCRETE RECYCLING

We have estimated the required investment in each of the recycling
plants and SLF that we have designed. Additionally, for each of the above
plants we have estimated the production cost per ton of recycled debris.

There are infinite combinations of plants and operating periods for
recycling concrete debris produced in a natural disaster. For instance,
a possible recycling scheme can involve 2 recycling plants that will be
reduced to one and finally to none as the disaster produced inflow of debris
diminishes (Fig. 8).

In this work we have studied in detail the economics of eleven such
promising combinations. In order to determine the conditions under which
investment in the studied recycling schemes is attractive we have made a
net present value analysis and an internal rate of return analysis of
investment in these schemes.

In the first part of the economic analysis we made the assumption that
100% of the recycled product will be sold at a set price. In the last
part of the analysis we determine the conditions under which the above
assumption holds by comparing the economics of recycled aggregate con-
crete to the economics of natural aggregate concrete. '

9.1 INITIAL INVESTMENT IN THE RECYCLING PLANTS AND SLF's

Recycling Plant The total required initial investment in a recycling
plant is the sum of the purchasing and set-up costs of equipment (Table
18, Col. 4). The former is derived from Tables 12 to 15 and is reported
in Table 18, Col. 2. The latter - for equipment requiring set-up - is
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assumed to be 15% of the purchasing cost of equipment and includes engi-
neering and erection expenses (Table 18, Col. 3).

- The relationship between the required initial investment in the re-
cycling plant and plant capacity is shown graphically in Fig. 17, It
can be seen that in the case of initial investment there are no economies
of scale.

SLF The required total initial investment in a SLF is the sum of land
acquisition, excavation, lining, engineerng and facilities costs (Table 19,
Col. 8).

We have assumed that the SLF is located at a distance of 12 to 15
miles from the center of the city where land sells for $10,000 an acre (22).
The required acreage depends on the volume of non-concrete debris that
will be disposed of in the SLF. The weight of the above non-concrete debris
will be 33% of the weight of processed concrete debris (75% by weight of
the incoming debris is concrete and 25% is non-concrete [Fig. 9]). An
estimate of the total tonnage of non-concrete debris disposed of in the
SLF throughout the 1ife of the recycling system appears in Table 19, Coil.

2. To convert this tonnage into volume, we assumed a fill density of 0.02
ton/cu ft {(2). Once the volume of dumped debris was determined we esti-
mated the required acreage by assuming that the SLF is a rectangle with a
square floor equaling the required acreage and a constant depth of 100 ft
(Table 19, Col. 3). The total Tand acquisition cost equals the required

- acreage times the cost of land per acre (Table 19, Col. 4).

We have assumed that the acquired land is a valley (for example, an
old quarry) and that only 20 out of the 100 feet of required depth will be
produced by excavation. The total excavation cost for the various recycling
schemes can be found in Table 19, Col. 5. To derive this number we have
assumed an excavation cost of $0.57/cu yd (22). The excavated volume equals
- the volume of a 20-ft deep rectangle having a basis equal to the acreage
in Col. 3 of Table 19.
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To prevent leaching problems the total inside surface area of the
landfill rectangle will be covered with 2 inches of asphalt and 6 inches
- of sand. At a cost of $6.46/sq yd (22) the total lining cost appears in
Table 19, Col. 6.

Additionally there are engineering costs (e.g., initial study and
surveying) and costs for the various facilities (roads, fences, etc.).
We have assumed that each of the above costs is $5,000 for all SLF studied
in this work.

The equipment needed at the SLF includes compactors (bulldozers)
and scrapers. The former have already been included in the cost of the
recycling plant (see Tables 12 to 15). We have assumed that the latter .
will be rented and, therefore, their cost appears as part of the production
cost in the next section.

5.2 PRODUCTION COST ESTIMATE FOR THE RECYCLING PLANTS AT THE SLF SITES

The production cost of recycled aggregate is the sum of the production
costs of the recycling plant and the SLF.

Recycling Plant The production cost of the recycling plant is the sum
of the following items: depreciation, write-off of set-up costs, mainten-
ance and repair, labor, fuel and lubrication, overhead, interest and insur-

ance.

Depreciation cost is based on the economic 1ife of the purchased
equipment, economic 1ife being defined as the number of operating hours
the equipment can service before becoming functionally obsolete. We
have assumed a straight line depreciation method and an economic life of
15,000 hours. Accordingly, the depreciation cost of equipment equals
the purchasing cost of equipment over 15,000 hours. An estimate of the
depreciation cost of the various designed plants appears in Table 18,
Col. 5.

The write-off of set-up costs will be based either on the economic
1ife of equipment or on the number of years the plant will be in operation
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in the specific location, whichever is less. In this work, the latter,
being no more than 5 years (Tables 24 to 33) is always less than the assumed
life of equipment which is 7.5 years (or 15,000 hours). We have assumed a
straight line depreciation method; accordingly, the write-off of set-up
costs, in $/yr, will equal the amount of set-up costs over the number of
years the plant will be in operation in the specific location. To convert
the above cost of dollars per year to doliars per hour one has to make an
assumption about the number of hours the plant operates each year. For a
yearly operation of 1000 hours and a plant that will be in operation for

4 years in the disaster area, the write-off of set-up costs can be found in
Table 18, Col. 6.

The maintenance and repair cost of the recycling system is estimated
to be 90% of the depreciation cost (Table 18, Col. 7).

Labor costs are presented in Col. 8 of Table 18 and have been derived
from Table 20; the latter shows labor requirements in each plant and labor
wages. We have assumed that the administrative work is done by the crusher
operator.

The fuel cost for equipment powered by the central power unit (see
Tables 12 to 15) has been calculated as follows: we have summed up the
horsepower requirements of the individual machines (Tables 12 to 15);
multiplied the sum with a Toad factor of 0.8 to convert it to kw and have
multiplied the latter by the fuel cost per unit power generated in $/kw/hr.

The fuel cost per unit power generated varies with the size of the unit.
For a 375 kw power unit, the fuel cost to generate one unit of power is
$0.04/kw/hr. For a 500 kw power unit, the fuel cost to generate one unit
of power is $0.036/kw/hr. These cost figures are based on a fuel consump-
tion of 24 gallons/hr and 40 gallons/hr for the 375 kw and 500 kw power
units, respectively, and on the current diesel fuel cost of $0.45/gallon (36).

Lubrication cost for equipment powered by the central power unit has
been estimated to be 25% of the fuel cost (12).

The sum of fuel and Tubrication costs of individually powered equipment
appears in Tables 12 to 15.
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The total fuel and lubrication cost of all equipment (individually
and centrally powered) for all designed plants appears in Table 18, Col. 9.

We have assumed that overhead cost, in $/year, is equal to 1/2% of
initial investment (Tab]e 18, Col. 10). To convert the above cost in $/hr
ohe has to make an assumption on the number of hours the plant was in oper-
ation during the year. Overhead costs in $/hr for the various designed
plants at different operating hours per year appear in Table 21. It can
be seen from this Table that the overhead cost, in $/hr, significantly de-
creases as the hours of plant operation each year increases. For a plant
operating 1000 hours a year, the overhead cost, in $/hr, can be found in
Table 18, Col. T11.

We have assumed that the interest charge is 9% and the insurance charge
is an addjtiona]d]% of initial investment. The total hourly cost for these
charges has been determined from Fig. 18. The latter provides us with a
multiplier factor as a function of the sum of the two rates above and hours
of plant operation each year. The hourly cost is then obtained as follows
(22):

Hourly cost for interest and insurance = Multiplier Factor x
Delivered Price of Equipment/1000,

The hourly interest and insurance cost for the 4 designed plants and for
different hours of operation each year appear in Table 22. It can be seen
from this Table that the insurance and interest cost drops significantly
as the number of hours of operation increases. For a plant operating 1000
hours a year the interest and insurance charges can be found in Table 18,
Col. 12.

The production cost of the designed recycling plants, exclusive of
depreciation and write-off costs, appears in Tabie 23 for various levels of
hours of annual operation. Once again the significant impact of the number
of hours of operation on production cost can be seen.

The total production cost, in $/hr, of a recycling plant operating
1000 hours a year for 4 years appears in Table 18, Col. 13. For plants



-49-

operating at average capacity each hour, this cost has been tonverted in
$/ton in Col, 14 of the same Table and has been plotted in Fig. 19 as a
function of plant capacity. It can be clearly seen that there are economies
of scale in the production cost of recycled aggregate.

SLF We have called production cost of the SLF system the sum of the
following costs: 1abor§ maintenance, repairs, fuel and lubrication of equip-
ment; purchase and hauling of cover material; administrative services; util-
ities; insurance; facilities maintenance.

A plot of the production cost in dollars per ton of debris that is
stored at the SLF has been adopted from Ref. 22 and appears in Fig. 20. As
the fill rate increases, production cost sharply decreases for small fill
Fates, but Tevels off at high fill rates. The actual production costs at
the designed SLF has been obtained from Fig. 20 and appears in line 3.2 of
Tables 24 to 34.

The production cost described above has not taken into account the
rental cost of scrapers, the depreciation cost of the facilities and set-up
and the annual property tax.

The rental cost of scrapers appears in line 3.3 of Tables 24 to 34.
The number of scrapers required depends on the daily fill rate of the SLF
(1ine 1.6, Tables 24 to 34). It is assumed in this work that one scraper
is required for every 400 tons of fill per day of‘operation. The rental
cost of an 11 cu yd capacity self loading scraper is $2910 per month.

A1l items of initial investment with the exception of land are de-
preciable. We have assumed a straight Tine depreciation over the invest-
ment period at the SLF. The estimated charges appear in line 3.4 of Tables
24 to 34.

Finally, we have assumed a 7.5% annual property tax on the value of
land and facilities. The value of land and facilities has been obtained
from Table 19; the resulting tax appears in Tine 3.5 of Tables 24 to 34,
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5.3 ANNUAL INCOME STATEMENTS OF RECYCLING SYSTEMS

" In this work we have studied promising systems (combinations) of
recycling plants at SLF's that will process the concrete debris generated
by a natural disaster. These combinations are described in Tables 24 to
34 from which it can be seen that depending on the quantities of debris
produced one or two recycling plants of different capacities, adjacent to
SLF's are established., Each of these plants is in operation in the dis-
aster area for different lengths of time. The latter varies from a minimum
of 2 to a maximum of 5 years.

The annual statement of income of all combinations studied appear in

Part IV of Tables 24 to 34. Revenue is generated from three sources:
a} Sale of recycled aggregate. We have assumed that 100% of processed

aggregate will be sold. The sale price is $1.67 ton. This is the actual
| price at which recycled concrete sells at Los Angeles (52). Furthermore,
it is the coarse aggregate price that will yield a recycled aggregate con-
crete of the same cost as natural aggregate concrete when both types of
concrete have the same properties and the quarry price of natural aggregate
is $3.30/ton.

Based on the above assumptions, the total annual revenue from the sale
of aggregate equals $1.67/ton times the tonnage of concrete aggregate pro-
duced (line 4.1, Tables 24 to 34).

b} Sale of re-bars. We have assumed that the revenue from the sale of re-
bars amounts to $0.25 per ton of concrete debris processed (22). Therefore,
the total revenue generated from this source each year is: $0.25/ton times
the tonnage of concrete aggregate produced (line 4.2, Tables 24 to 34),

c¢) Dumping charges. Dumping charges at the recycling plant-SLF combina-
tions are so set as to attract dumping of concrete debris while at the same
time discouraging dumping of non-concrete debris. The prevailing dumping
charges are $2.00/ton for inorganic waste and $4.50/ton for organic waste
{22). 1In order to achieve the stated objectives, we have adopted the fol-
Towing charging system: dumping of concrete debris is free; $5.00/ton is
charged for the dumping of non-concrete debris.
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It follows that the annual revenue from dumping charges is: $5.00/ton
times the tonnage of non-concrete debris dumped in the SLF during the year
(line 4.3 of Tables 24 to 34).

Annual expenses at the recycling plant-SLF system are the following:
a) production cost of the recycling plant (line 4.4, Tables 24 to 34);
b) total production cost, including depreciation and write-off costs,
rental cost of scrapers and property taxes, of the SLF (line 4.6, Tables
24 to 34).

The difference between the sum totals of the above revenues and expenses
is operating income. A 50% income charge is imposed on the Tatter so that
net income is the remaining 50% of the operating income (line 4.11, Tables
24-34),

A11 plant combinations analyzed in this study have a positive net in-
come (profit). This fact alone, however, insufficiently justifies invest-
ment in this type of operation.

5.4 ATTRACTIVENESS OF INVESTING IN THE RECYCLING SYSTEMS

To investigate whether the profit derived in the previous section is
satisfactory when investment requirements and other investment opportunities
are taken into account, a net present value analysis was performed. To
this end the cash flow of the recycling systems was estimated in Part V of
Tables 24 to 34 as follows: '

Cash outflow in any year includes capital investment (if any), the
production cost of the recycling plant(s), excluding depreciation and write-~
off of set-up costs (1ine 2.11, Tables 24 to 34) and the total production
cost of the SLF(s) including property tax and rental cost of equipment
and excluding depreciation.

A1l cash outflow for capital investment occurred in the beginning of
operations and equalled the sum total of investment in the recycling plant(s)
and SLF(s).
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Depreciation and write-off charges have been consistently excluded
from cash .outflows, since they do not represent actual cash payments.

Cash inflow in any year includes sale of capital (if any) operating
revenues and a tax shield which is 50% of total depreciation.

A1l sale of capital took place at the end of the investment period
and involved sale of equipment and the SLF land. The salvage value of
plant(s) was assumed to be equal to the difference between the pruchasing
cost and “"accumulated" depreciation cost of equipment (1ine 2.12, Tables
24 to 34}, At the same time the SLF area, after having been completely
filled with refuse material and properly treated, is assumed to have been
sold at $15,000/acre. This is $5,000/acre more than the original price &nd
is subject to a 30% capital gain tax. Therefore, the net receipt from the
sale of land was 70% of the profit plus the original purchasing price of
land. All other facilities and assets at the SLF are assumed to have zero
salvage value at the end of the investment period (line 3.6, Tables 24 to
34).

A1l cash flows were discounted by 15% to get their present values (line
5.7, Tables 24 to 34) and the algebraic sum of all present values gives the
net present value of investment. The latter was negative in one instance
only: when the total quantity of debris produced by the natural disaster
was only 0.5 million tons (1ine 5.8, Table 24 and Table 35). In this case
recycling operations generated a return of less than 15%. 1In all other
cases - where the natural disaster produced at least 1 million tons of con-
crete debris - the recycling systems generated a return higher than 15% (the
net present value was positive - line 5.8, Tables 25 to 34 and Table 35).

We have asked the question on the attractiveness of investment in a
recycling system in still another way: what is the rate of earning at
which the present value of the earnings equals the amount of investment?
This earnings rate is called internal rate of return and has been estimated
for all 11 recycling systems in Table 35. It can be seen that in cases
where the natural disaster has generated at least 1 million tons of con-
crete debris recycling systems have generated an internal rate of return
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of at Teast 19% and as high as 47%. That is, investment in these recycling
systems is very attractive.

5.5 COMPARISON OF RECYCLED AGGREGATE CONCRETE AND NATURAL AGGREGATE
CONCRETE

_ In previous sections the implicit assumption has been made that the
recycled aggregate producer will be able to sell 100% of his product. For
this assumptibn to be correct, recycled aggregate must compare favorably
with its competitor, natural aggregate.

A fair comparison between the two types of aggregate would involve
comparison of two concrete members of equal performance, one made with
recycled and the other made with natural aggregate. To compensate for
the reduced strength {see Cahpter 2 of this report) the member using re-
cycled aggregate would have to have a 10% higher cement content.

To assist in derivation of specific numbers, Table 34 contains the
material composition of 1 cu yd of natural aggregate concrete and that
of an equal performance recycled aggregate concrete. The only difference
in material quantities between the above two types of concrete is the higher
cement content of RAC. We have made the assumption that natural coarse
aggregate is available at the market site and that the same is true for
recycled aggregate. Under these assumptions and for a price of $3.30/ton
for the natural aggregate, recycled aggregate should sell for $1.67/ton
in order to yield concrete of equal cost and perfbrmance (Table 36). 1In
other words, when there is no transportation advantage of either aggregate,
an unprejudiced person would be indifferent between natural aggregate
that sells for $3.30/ton and recycled aggregate that sells for $1.67/ton.

However, there are good reasaons why a person can be prejudiced against
recycled concrete. For one, experience with it is limited; secondly, there
are no design aids for recycled aggregate similar to the design aids (for
instance in the form of Tables of properties) that exist for natural aggre-
gate.
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For these reasons, recycled aggregate would sell best in cases where
there is a cost advanfage in its favor, and this can happen in cases where
economies of scale are realized {Fig. 19 and Table 35) so that recycled
aggregate can sell for less than $1.67/ton, or in cases where there is a
transportation advantage in favor of recycled aggregate.

When recycled aggregate sells for less than $1.67/ton it is economically
more attractive than natural aggregate even if the latter is locally avail-
able. In cases where natural aggregate is not locally available -- and
this is the case with many metropolitan areas - there is a transportation
advantage in favor of recycled aggregate which makes it economically more
attractive than natural aggregate even if recycled aggregate sells at $1.67/
ton. Transportation cost for aggregate is 6¢/ton/mile. Therefore, if a
quarry for natural aggregate is, for instance, 15 miles further away from
the market than a recycling plant, then RAC will be 8% less expensive than
an equal performance natural aggregate concrete (Table 36)

In conclusion, following a natural disaster, recycled aggregate will
be in great demand, a) in areas where natural aggregate is locally unavail-
able; b) in areas where natural aggregate, even though available, insuf-
ficiently meets the large post-disaster demand; and c) in areas where the
quantities of concrete debris produced by the natural disaster are large
enough to permit economies of scale and therefore prices of less than $1.67/
ton for the recycled aggregate.

5.6 CONCLUSIONS ON THE ECONOMIC FEASIBILITY OF CONCRETE RECYCLING

There are economies of scale in the production cost of the recycling
plant and the SLF.

When 1 or more million tons of concrete debris are produced by the
natural disaster, investment in a recycling system to process this debris
is attractive. As the scale of operations increases, so does the attrac-
tiveness of investment. When more than 5 million tons of concrete are pro-
duced in the catastrophic event then the generated return on investment in
a recycling system is at least 45%.
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The above conclusions are based on the assumption that recycled aggre-
gate sells at the price of $1.67/ton which yields a recycled aggregate con-
crete of equal cost with a natural aggregate concrete of the same perfor-
mance., The attractiveness of recycled aggregate vis a vis natural aggre-
gate will be enhanced when either recycled aggregate sells for less than
$1.67/ton or natural aggregate is locally unavailable. The former can
happen at large scale operations where economies of scale are realized
and the producer can reduce the price of his product while still realizing
substantial profits. The latter is often presently the case in metropolitan
areas and can certainly be the case in the disaster area, especially in
the reconstruction period when demand for materials is strong.
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CHAPTER 6
CONCLUSTONS

Concrete is the most popular construction material and the most abundant
one in demolition debris: it accounts for 67% by weight of demolition wastes.
Immense quantities of concrete debris are produced in a natural disaster.

For instance, in the San Fernando earthquake of 1971, 5 million tons of
concrete debris were produced. There are about 200 major disasters in this
country per decade (19) which means that the tonnage of concrete debris pro-
duced from disasters is of the order of a billion tons per decade and a hun-
dred million tons per year. These mountains of debris can be dumped or they
can be recycled.

Technologically speaking, concrete debris, free from contaminants, is
a satisfactory substitute for coarse aggregate in the production of new con-
crete. Recycled aggregate concrete has lower strength than natural aggre-
gate concrete of the same composition, however, the mix composition can be
- manipulated (for instance, through an increase of the cement content) to
produce recycled aggregate concrete of the same strength as natural aggre-
gate concrete. The above conclusions are supported both by experimental
work and field experience: in a recent highway project the demolished
concrete pavement has been recycled as aggregate for the new concrete
pavement (41). '

Most concrete debris is contaminated with gypsum, wood, plastics,
glass, etc. Fortunately, the existing technology of the natural aggregate
industry (aggregate beneficiation processes)} can adequately eliminate detri-
mental concrete contaminants.

Recycling plants of large capacity (up to 750 TPH) can be totally
based on standard, widely used equipment. Along these lines 14 concrete
recycling plants of small to medium capacity are presently in operation.
These are mostly portable plants quickly assembled at the site of debris
accumulation. '
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In terms of economics, recycling of concrete debris following a major
~disaster is indeed attractive. We have made an estimate of the return on
investment based on the assumption that recycled aggregate sells at a price
that would yield a recycled concrete of the same cost with an equal perfor-
mance natural aggregate concrete, We found that in cases where a natural
disaster will produce one or more million tons of concrete debris, the re-
cycling operations will yield a return of at least 19%. As the quantities
of debris increases, so does the return on investment of the recycling op-
erations. When the debris produced by the catastrophic event amounts to

7 million tons, recycling operations yield the lucrative return of 47%.

Are consumers willing to buy recycled concrete? At the price of
$1.67/ton for recycled aggregate - vis a vis a price of $3.30/ton for
natural aggregate - an unbiased consumer will be indifferent between recy-
cled and natural aggregate, since in either case the final product, concrete,
will cost the same and will perform identically as construction material.
Even in the presence of consumers who may be biased against it, however,
prospects for recycled aggregate sales are good because the economics in
several cases are in favor of the recycled product. For instance, natural
aggregate is locally unavailable in several areas to the point where recent
research is focusing on exotic solutions, such as digging aggregate from
the ocean floor (44). 1In all these cases, there is a significant transpor-
tation advantage in favor of recycled aggregate. Even where natural aggre-
gate is locally available there might not be Targe enough quantities to
meet the sudden increase in demand following reconstruction. Furthermore,
the potential returns realized at high levels of recycling operations are
so large that recycled aggregate producers can afford to lower their prices
to undersell their competitors (natural aggregate producers) while still
realizing significant savings.

We can trace the above in our study of the San Fernando earthquake of
1971. 1In the San Fernando area natural aggregate is locally unavailable.
Most of the aggregate used requires one-way truck hauls of up to 50 miles
(52). For this reason, several of the recycling plants that presently
exist are located in this area. Following the 1971 earthquake the impres-
sive mass of 5 x 106 million tons of concrete debris has been dumped. The
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"~ alternative would have been to recycle the above debris as concrete aggre-
gate that would yield concrete of no inferior quality than natural aggre-
gate concrete, that would save millions of dollars to consumers and grant
a 45% return on investment to producers.
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.1ﬁBLE 2. - Volume Changes of Concrete* Cylinders Stored in Water

Volume Changes (Expansion} of Cooc..”

Type of Amount of Gypsum in the Mix Age
Specimen . Days
Gypsum - % Calcuiated Cylinders Stored Continuously in W.i:
by weight _as 503 - % C ‘
of cement by weight Percent of one-day volume
of cement ‘ = -
' Specimens produced | Specimens prac..
with Portland Ce- | with Portland Ce-
ment Type I ment Type Ii
Uncontam- 14 0.03:0.12 0.05+0.08
inated 0 0 28 0.15+¢0.13 1 0.1440.14
Gypsum 49 0.14+0.16 0.1640.12
Contan- 14 0.04+0.15 0.0440.22
inated 15 7 - 28 0.90+0.08 0.1440.13
Gypsum : 4. 0.3140.25 0.27+0.14
] 14 0.82+0.24 0.55+0.19
YPSum- . .
Mortar 225 105 28 1.00+0.21 0.639+0.13
49 1.18+0.21 0.7240.18

*The water to cement ratio was‘kept constant at 0.55.
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TABLE 2. - Volume Changes of Concrete* Cylinders Stored in Water

\
Type of Amount of Gypsum in the Mix Age Volume Changes (Expansion) of Concrete
Specimen .. Days -

Gypsum ~ % Calcuiated Cylinders Stored Continuously in Yater
by weight as S03 - %
of cement by weight Percent of one~day volume
of cement
Specimens produced | Specimens procuced
with Portland Ce- | with Portland Ce-
ment Type I ment Type II
Uncontan- _ 14 0.03+0.12 0.05+0.08
inated 0 0 28 0.1540.13 0.14+0.14

| Gypsum 49 0.1430.16 0.16+0.12
Conta- . 14 0.04+0.15 0.04+0,22

| inated 15 , 7 28 0.90+0.08 0.14+0.13
Gypsum S . a9, 0.3140.25 0.2740.14

‘ 14 0.82+0.24 0.55+0.19

Gypsum- ‘ ‘ U
Mortar 225 105 28 1.00+0.21 0.69+0.13
49 1.1840.21 0.72+0.18

*The water to cement ratio was kept constant at 0.55.
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TABLE 4 - Comparison. of Properties of Uncontaminated Recycled
Aggregate Concrete and Natura1 Aggregate Concrete
of Similar Composition

Type of Property

Uncontaminated RAC

Compressive Strength

: (Ref. 4,16,18,27
65 to 100% of Control 39 and Table 1)

Static Modulus of Elasticity
in Compression

60 to 100% of Control (Ref. 16 and Fig. 3)

Flexural Strength

80 to 100% of Control (Ref. 27)

Linear Coefficient of Thermal
Expansion

Comparable to that of Control (Ref. 4)

Length Changes of Concrete
Specimens Stored for 28
Days at 90% R.H. and 73°F

Comparable to that of Control (Ref. 4)

Freeze-thaw Resistance

Comparable to that of Control (Ref. 4, 27)

STump

Comparable to that of Control (Ref. 4,16,
27 & Table 3)
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TABLE 5 - Damage Probability Matrix for Buildings* (54)

¢

Percent of Total Squarc Footage !
in Each Damage State 1
: Earthquake Intensity on the _
Design Strategy Damage State Modified Mercalli Scale |
v VI | VIT [VIII IX X
None 100 |27 | 15| o] of o
, Light 0 73 48 0 0 0
UBC** 0, 1 Moderate 0 0 33 20 0 0
- Heavy 0 0 4 41 0 i]
Total -0 0 0 39 1100 {100
None 100 47 20 0 0 0
Light 0 53 50 10 0 0
UBC** 2 Moderate 0 0 29 53 0 0
Heavy 0| © 1 3i 0 0
Total 0 0p O 6 {100 | 100
None 100 | 57 | 25 0 0 0
: Light 0 43 50 25 0 0
UBC** 3~ . Moderate 0 0 i_25 53 20 0
N T Heavy 0 0 -0 21 52 0
- Total 0 0 0 1 28 1100

* The matrix is applicable to non-wooden construction only.
** Yniform Building Code (UBC) seismic zoning 0, 1, 2 or 3.
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TABLE 8 ~ Concrete Debris from Buildings: -
San Fernando Earthquake of 1971.

* After Ref. 3.

** From Table g, Ccl. 5.

Type of Building [ Humber of | Average Square| . Total Concrete Total Amount
Construction and Damaged Footage of Damaged Debris -of Coancrele
Damage State Buildings* Damaged Square Generated, Debris

Buildings ‘Footage tons/sq. Tt ** Generated, .
' tons
(1) (2) (3) (4)=(2)x(3) (5) (6)=(4)x(5)
Residential Space 65 90200 5.86 x 10° 0.06 0.3516 x 10°
Totally Damaged :
‘Residential Space| 265 90200 23.9 x 10° 0.0066 0.1577 x 10°
Heavily Damaged o
Non-Residential 574 106600 §1.13 x 10° 0.06 3.7114 x 10°
Space ‘ .
Totally Damaged _ . . ,
Non-Residential 1125 106600 119.92 x ]06 . 0.0066 0.7915 x 306
Space
Heavily Damaged e
o TOTAL 5.0122 x 10°
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TABLE 10 - Rapid Estimate of Damaged Space Versus

Data~Based Estimate.

Comparison of Results.

Type of Building Estimate Based Rapid’ Difference
Construction and on Published Estimate**

Damage State Data* ' percent

sq. feet sq. feet

Residential Space 5.85 x 10° 6.45 x 10° 10
Totally Damaged
Residential Space | 23.90 x 10° 14.61 x 10° 39
Heavily Damaged
Non-Residential Space | 61.19 x 10° 73.4 x 10° 20
Totally Damaged ' _
Non-Residential Space | 119.92 x 10° 165.18 x 10° 38
Heavily Damaged

o TOTAL 210.87 x 10° 259.65 x 10° 18

* After Table 8. .
** After Table 9.
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TABLE 11 - Processable Quantities of Concrete Debris Each Year.

—
Total Quantity of Processable Quantities of Concrete Debris (million tons/year)
Concrete Debris " :
Produced by Year of Plant Operation
Natural Disaster
(million tons) 1 2 3 4 5 6

0.5 0.1389 0.1111 0.0833 0.0556 0.0278 0.0034
1 0.2778 0.2222 0.1667 0.111 0.0556 0.0069
2 0.5556 0.4444 0.3333 0.2222 0.1111 0.0138
3 0.8333 0.6667 0.5000 0.3333 0.1667 0.0208

4 1.11N 0.8889 0.6667 0.4444 0.2222 0.02778
5 1.3889 .1.1111 0.8333 | 0.5556 0.2778 0.0347
6 1.6667 1.3333 1.0000 0.6667 0.3333 0.0416
7 1.9444 1.5556 1.1662 0.7778 0.3889 0.0486
8 2.2222 1.7778 1.3222 0.83889 0.4444 0.0556
9 2.5000 2.0000 1.5000 1.0000 0.5000 0.0625
10 2.7778 2.2222 ].6667' 1.111 0.5555 0.0694
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TABLE 12 - Equipment for a Recycling Plant of 120 to 300 TPH

Capacity.
Quan- Estimated | = Average
tity Purchase Horsepower
Equipment Price Requirements
1977
(in dollars)
1. 42" x 16' hopper-feeder T 100,000 20
2. 5' x 14' single~deck screen _
(4n open‘ings) 1 35,000 30
3. 30"x42" jaw crusher (discharge 4"; max
¢ feed = 2'x2'; capadity: 200 TPH) ] 91,600 150
4. 42" x 50' belt conveyor (spring type) 1 20,000 25
5. magnetic separator 1 11,500 14
6. 44" x 20' double-screw washer 1 37,300 20
(max. feed = 4"; capacity: 400 TPH)
7. 5' x 16' triple-deck screen 1 57,000 30
(openings: 1% *, 3/4", 3/8")
8. 5100 short-head cone crusher 1 130,000 175
(discharge 1"; max. feed = 5y
capacity: 200 TPH)
9. 24" x 60' recirculating belt conveyor 1 12,000 10
10. 24" x 50' radial stacker 3 10,000 @ _loe
Subtotal: 524,400 504
Fuel & Lubri-
cation Costs
($/hour)
11. 500 kw power unit 1 13,000
12. 6" diameter pump and piping 1 3,000 1.60
13.  5%" cu. yard front-end loader 1 93,250 16.70
14. 105 HP bulldozer | 1 54,700 3.08
15. backhoe with hydraulic hammer 1 57,000 6.33
Subtotal 280,950 27.711
TOTAL 805,350
Note: Equipment 1 - 10 is centrally powered.

Equipment 11 - 15 is individually powered.

Equipment 1 - 12 requires setting up.
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TABLE 13 - Equipment for a Recycling Plant of 300 to 450 TPH

Equipment 17 to 21 is individually powered.

Equipment 1 to 18 requires setting up.

Capacity.
Quan- Estimated Average
s tity Purchase Horsepower
Equipment Price Requirements
‘ 1977
: (in dollars)
1. 42" x 16' hopper-feeder 1 100,000 20
2. 6' x 16" single-deck screen (4" openings 1 65,000 35
: with perforated plates) :
3. 24" x 40' belt conveyor 1 8,000 10
4, 42" x 40' belt conveyor 1 10,400 25
5. 30" x 42" jaw crusher (discharge 4"; 2 91,600 @ 150 @
max, feed = 2'x2'; capacity: 200 TPH)
6. 42" x 50' belt conveyor (spring-type) -2 20,000 @ 25 @
7. magnetic separator 2 11,500 @ 14 @
8. 36" x 40' belt conveyor 1 9,600 15
9. surge pile feeder 1 20,000 20
10. 44" x 20' double-screw washer (max. feed =| 1 37,300 20
4"; capacity: 400 TPH)
11. 44" x 70' single-screw washer (max. feed =| -1 21,000 40
4"; capacity: 200 TPH)
12. 36" x 40' belt conveyor 1 9,600 15
13. 6' x 16' triple-deck screen 1 60,000 35
(openings: 1L, 3/4", 3/8") '
14. 66 S cone crusher (discharge: 1yn 1 200,000 225
max. feed = 8"-11"; capacity: 320 TPH)
15. 30" x 60' recirculating belt conveyor 1 13,200 15
16. 24" x 80' radial stacker 3 16,000 @ RER
Subtotal 848,300 898
Fuel & Lubri-
cation Costs
_ _ _ ($/hour)
17. 375 kw power unit 2 43,000 6
18. 6" dia. pump & piping 1 3,000 1.60
19. 4% cu. yard front-end loader 2 93,250 @ 16.70 @
-20. 105 HP bulldozer | _ 1 54,700 3.08
21. backhoe with hydraulic hammer 1 57,000 6.33
Subtotal 387,200 44 .41
TOTAL 1,235,500
Note: Equipment 1 - 16 is centrally powered.
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TABLE 14 - Equipment for a Recycling Plant of 450 to 600

TPH Capacity.

Equipment 17 - 23 is individually powered.
Equipment 1'- 18 requires setting up.

Quan- Estimated Average
tity Purchase Horsepower
Equipment Price/1977 | Requirements
(in dollars)
48" x 20' hopper-feeder 1 122,000 30
2. 6' x 16' single-deck screen (4“ openings 1 65,000 35
with perforated plates)
3. 24" x 40' belt conveyor 1 8,000 10
42" x 40' belt conveyor 1 10,400 25
30" x 42" jaw crusher (discharge: 4"; 2 91,600 @ 150 @
max. feed = 2'x2'; capacity: 200 TPH)
6. 42" x 50' belt conveyor (spring-type) 2 20,000 @ 25@
7. magnetic separator 2 11,500 @ 14 @
- 8. 42" x 40' belt conveyor 1 10,400 25
9. surge pile feeder 1 20,000 20
10. 44" x 20' double-screw washer (max. feed =| 2 37,300 @ 20 @
. 4", capacity: 400 TPH)
11. 42" x 40' belt conveyor 1 10,400 25
12. 7' x 20" triple-deck screen (openings: 1 90,000 40
1 u’ 3/4n, 3/8")
13. 5100 short-head cone crusher (discharge: 1 130,000 175
1"; max. feed = 5%"; capacity: 200 TPH)
14. 66S cone crusher (discharge: 1%"; max. 1 200,000 225
feed = 8"-11"; capacity: 320 TPH) :
16. 30" x 100" recirculating belt conveyor 1 22,000 25
16. 24" x 80' radial stacker 1 3 16,000 @ 15 @
Subtotal 1,057,000 1,098
Fuel & Lubri-
cation Costs
($/hour)
17. 375 kw power unit 1 43,000
18. 500 kw power unit 1 73,000
19. 6" dia. pump & piping 1 3,000 1.60
20. 4 cubic yard front-end loader 2 93,250 @ 16.70 @
21. 26 ton crane-dragline w/5% cu. yard 1 130,000 4.50
bucket
22. 105 HP bulldozer . 1 54,700 3.08
23. backhoe w/hydraulic hammer 2 57,000 @ 6.33 8
Subtotal 604,200 55.24
TOTAL 1,661,200
Note: Equipment 1-16 is centrally powered.
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TABLE 15 - Equipment for a Recycling Plant of 600 to 750 TPH

Capacity
Quan- Estimated Average
tity Purchase Horsepower
Equipment Price/1977 |Requirements
: (in dollars)
1. 48" x 20' hopper-feeder 1 122,000 30
2. 6' x 16' double-deck screen (openings: 8"| 1 70,000 35
and 4", with perforated plates) -
3. 24" x 40' belt conveyor ] 8,000 10
4, 42" x 40' belt conveyor 1 10,400 25
5. 22" x 50" jaw crusher (discharge: 4"; 1 120,000 125
max. feed = 1'x1'; capacity: 230 TPH)
6. 42" x 48" jaw crusher (discharge: 4"; 1 250,000 200
max. feed = 3'x3'; capacity: 270 TPH) |
7. 42" x 50' belt conveyor (spring-type) 2 20,000 @ 25 0
8. magnetic separator 2 11,500 @ 140
9. 48" x 50' belt conveyor 1 14,000 30
10. surge pile feeder 2 20,000 @ 20 @
11. 44" x 20' double-screw washer (max. feed 2 37,300 @ 20 @
4", capacity: 400 TPH)
12. 48" x 50' belt conveyor 1 14,000 30
13. 7' x 20" triple-deck screen {openings: 1 90,000 40
15" , 3/4", 3/8")
14. 5100 short-head cone crusher (discharge: 1 130,000 175
1"; max. feed = 5%" ; capacity: 200 TPH)
15. 665 cone crusher (discharge: 14" ; max. 1 200,000 225
feed =~ 8"-11"; capacity: 320 TPH)
16. 36" x 100' recirculating belt conveyor 1 24,000 25
17. 24" x 100" radial stacker 3 20,000 @ 15 @
Subtotal 1,290,000 1,153
Fuel & Lubri
cation Costs
($/hour)
18. = 500 kw power unit 2 73,000
19. 6" dia. pump & piping 1 3,000 1.60
20. 4% cu. yd. front-end Toader 2 93,250 16.70 @
21. 26 ton crane-~dragline with 5% cu. yd. 1 130,000 4.50
bucket
22. 105 HP bulldozer 2 54,700 @ 3.08 @
23.  backhoe w/hydraulic hammer 2 57,000 @ 6.33 @
Subtotal 688,900 58.32
TOTAL 1,978,900
Note: Equipment 1 - 17 is centrally powered.

. Equipment 18 - 23 is individually powered.
Equipment 1 - 19 requires setting up.
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TABLE 17 - Existing Methods of Concrete

Cutting (30)

Method of
Concrete Cutting

Relevant
Property of
Concrete

Limitations

Hammer

Poor tensile and
impact strength

Slow, noisy, dust

Rotary percussive drill

Poor tensile and
impact strength

Only for holes,
noisy, dust

Explosive

Poor tensile and
impact strength

Lack of precision,
dust

Hydraulic bursters in
predrilled holes

Poor tensile
strength

Slow. Problems with
reinforcement

Thermic lance and flame
jet

melting point
1200-2000°C

Expensive, fumes and
fire hazard

Plasma arc Melting point Expensive, fumes and
1200-2000°C fire hazard
Diamond saw Brittleness Expensive,'difficu1t on

thick sections and where
flat survaces are not
available
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TABLE 20 - Manpawer Requirements and Cost for Recycling Plant

Description Hourlx Manpower Requirement, in Numbers of Men
of Worker gg??alg Plant Capacity
per 120-300 TPH | 300-450 TPH | 450-600 TPH | 600-750 TPH
Man-Hour

wLaborer 11.01 2 4 4 4
Loader Operator 12.32 1 1 1 1
Crane Operator 14.78 - - 1 1
Bulidozer Operator 14.25 1 1 1 2
Backhoe Operator 12.32 1 2 2 2
Crusher Operator 13.50 1 1 1 2
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TABLE 21 - Hourly Overhead Cost

($/hr)

Plant Production Production Quantity of Processed Debris (million tons/year)
Capacity Rate Character- _
(TPH) (TPH) istics 0.2 0.4 | 0.6] 0.8 | 1.0 | 1.2
Hours of Opr. 267 533{ 801 1,067 | 1,335 | 1,602
750 (hr/yr) ' :
- Overhead Cost | 41.1¢ | 20.5%% 1 13.70 | 10.28 8.22 6.85
($/hr) ' : b
600-750 | Hours of Opr. | 296 | 593 889 | 1,185 | 1,481 | 1,778
675 {hr/yr) , i s ‘
Overhead Cost | 37.07 | 18.5F | 12.34 9.26 7.41 6.17
($/hr) ,
Hours of Qpr. 333 66% I 1,000 } 1,333 | 1,867 { 2,000
600 (hr/yr) f 1
Overhead Cost | 27.58 | 13.77 ¢ 9.19 6.89 ! 5.51 4:59 4.
{$/hr) :
450-600 Hours of Opr. | 381 | 762 | 1,143 | 1,524 | 1,905
525 (hr/yr) ; :
. Overhead Cost | 24,11 [ 12.05} B8.04 6.03 4.82
($/hr) -
Hours of Opr. 444 88% 1 1,333 | 1,778
450 {hr/yr) '
Overhead Cost | 15.50 1.7 | 5.1% 3.87
($/hr)
300-450 Hours of Opr. 533 {1,067 | 1,600
375 (hr/yr) Lo
Overhead Lost | 12.4%1 6.4% | 4.30
{$/hr)
Hours of Opr. 667 11,333 | 2,000
300 {hr/yr) |
Overhead Cost 6.7 3.3% | 2.24
($/hr) %
Hours of Opr. 888 1,78
120-300 225  {hr/yr)
' Overhead Cost 5.04 z2.52
($/hr) i
Hours of Opr. | 1,666
120 - (hr/yr)
Overhead Cost | 2.69 A
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TABLE 21 -~ Hourly Overhead Cost

Quantity of Processed Debris (million tons/year)

1.4

v
i

Plant Production Production
Capacity ~Rate Character- )
(TPH) | " (TPH) istics 0.2 | 0.4 | 0.6 ] 0.8 1.0 ] 1.2
- Hours of QOpr. 267 533 801 | 1,067 | 1,335 | 1,602
750 (hr/yr)
Overhead Cost | 41.10 | 20.59 | 13.70 | 10.28 | 8.22 | 6.85
($/hr) :
600-750 Hours of Opr. | 296 | 593 | 889 | 1,185 | 1,481 | 1,778
675 (hr/yr) |
Overhead Cost | 37.07 | 18.51 12.34 9.26 7.41 6.17
($/hr) ,
Hours of Opr. 333 667 | 1,000 { 1,333 | 1,667 | 2,000
600 (hr/yr) :
Overhead Cost | 27.58 ([ 13.77 |: 9.19 6.89 5.51 4.59
($/hr) -
450-600 “Hours of Opr. | 381 | 762 | 1,143 | 1,524 | 1,905
525 {hr/yr) :
Overhead Cost | 24.11 12.05 8.04 | 6.03 4,82
($/hr) 1
Hours of Opr. 444 889 | 1,333 (1,778
450 (hr/yr) . '
Overhead Cost | 15.50 | 7.74 5.16 3.87
($/hr) ; _
300-450 : Hours of Opr. 533, 11,067 | 1,600
375 (hr/yr)} ;
Overhead Cost | 12,91 6.45 4.30
($/hr)
Hours of Opr. - 667 (1,333 | 2,000
300 - (hr/yr)
Overhead Cost 6.71 3.36 2.24
($/hr) g :
Hours of Opr. 888 11,778
120-300 225 (hr/yr)
Overhead Cost 5.04 2.52
($/hr)
Hours of Qpr. | 1,666
120 (hr/yr)
Overhead Cost 2.69

($/hr)
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TABLE 35 - Net Present Value and Intermal Rate of Return for

Recycling Systems

Net Present Value

P Quantity of : Plant(s) in ( Internal Rate
. Concrete Debris : ~ {discount of Return
i Produced by Recycling System rate: 15%) percent
i Natural
Disaster
{million
tons)
0.5 one 120-30C TPH plant - 200,695 <0
operating 3 years
1.0 one 120-300 TPH plant - + 128,060 19
o operating 3 years : , .
2.0 one 120-300 TPH plant + 602,277 32
operating 4 years
3.0 one 120-300 TPH plant + 897,742 38
operating 5 years
4.0 one 120-300 TPH plant +1,582,656 38
operating 5 years and
an additional 120-300
TPH plant operating
3 years _
5.0 one 300-450 TPH piant 41,910,020 45
operating & years and
an additional 120-300
TPH plant operating 2
years
6.0 one 300-450 TPH plant +1,953,653 45
operating & years and
an additional 300-450
TPH plant operating 3
years
7.0 one 450-660 TPH ptant +2,451,294 47
operating 5 years and
a 300-450 TPH plant op-
erating 2 years
8.0 one 600-750 TPH plant +3,669,839 47
operating 5 years and a :
300-450 TPH plant oper-
. ating 2 years
9.0 one §00-750 TPH plant +4,099,352. 47
operating 5 years and
: a 450-600 TPH plant op-
erating 2 years
10.0 one 600-750 TPH plant 44,600,431 47
operating 5 years and
= an additional 600-750

TPH plant operating 3
L LIBATS
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TABLE 36 - Composition and Costs of Natural Aggregate Concrete
and Recycled Aggregate Concrete of Equivalent

Performance.

Type of Natural Aggregate Concrete Recycled Aggregate Concrete
Material Material Quan- Material Material Quan- Material

tities for Costs tities for Costs

1 cu yd ($/2000 1bs) 1 cu yd ($/2000 1bs)
concrete concrete
{1bs) {1bs)

Cement 615 50 677 50
Fine
Aggregate 1230 4.0 1230 4,0
Coarse _ ‘
Aggregate 1845 3.3 1845 1.67

Cost of 1 cu. yd. of natural

aggregate concrete:

615 x 5

50 1230 x 4.0 . 1845 x 3.3

+

000 2000

2000

= $20.8/cu. yd.

Cost of 1 cu. yd. of recycled aggregate concrete:

50 , 1230 x 4.0 , 1845 x 1.67

677 x 5

000 T~ 2000

2000

= $20.9/cu. yd.
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TABLE 35 - Net Present Value and Internal Rate of Return for

Recycling Systems

Quantity of

)

Plant(s) in

Net Present Value

Internal Rate

Concrete Debris . (discount of Return
Produced by Recycling System rate: 15%) percent
Natural ‘
Disaster
(million
tons)
0.5 one 120-300 TPH plant - 200,695 <0
o operating 3 years
1.0 one 120-300 TPH plant + 128,060 19
operating 3 years
2.0 one 120-300 TPH plant + 602,277 32
operating 4 years
3.0 one 120-300 TPH plant + 897,742 38
operating 5 years
4.0 one 120-300 TPH plant +1,582,656 38
operating 5 years and
an additional 120-300
TPH plant operat1ng
3 years
5.0 one 300-450 TPH plant +1,910,020 45
operating 5 years and
an additional 120-300
TPH plant operating 2
years
6.0 one 300-450 TPH plant +1,953,653 45
operating 5 years and
an additional 300-450
TPH plant operat1ng 3
years
7.0 one 450-600 TPH p1ant +2,451,294 47
: operating 5 years and
a 300-450 TPH plant op-
erating 2 years
8.0 one 600-750 TPH plant '+3,669,839 47
operating 5 years and a
. 300-450 TPH plant oper-
“ating 2 years ‘ -
9.0 one 600-750 TPH plant +4,099,352 47
operating 5 years and
a 450-600 TPH plant op-
erating 2 years
16.0 one 600-750 TPH plant +4,600,431 47

operating 5 years and
an additional 600-750
TPH plant operating 3
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Specimens Produced Withy
Portland Cement
Type IT

A: Control

¥ B: Uncontaminated RAC
C: Contaminated RAC
D: Gypsum — Mortar

14 28 - 49

AGE (DAYS)

Relationship between Age and Compressive Strength. Water to

Cement Ratio is 0.55.
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A Specimens Produced With 4 Specimens Produced With
Portland Cement Type I Portland Cement Type I

A: Conirol
B: Uncontaminated RAC |

C: Contominated RAC
~ D:Gypsum - Mortar

) X i 1. H

D ! <
75

.55 65 45 45 .55 .65

WATER TO CEMENT RATIO

Fig. 2. - Relationship between Water to Cement Ratio and 28-Day Compressive

Strength.
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Specimens Produced With
Portland Cement Typel

A At Control
B: Uncontaminated RAC -
A C: Contaminated RAC

Specimens Produced With
Portiand Cement Type IL

A

3 A

A v
= Y A

Y : ’9’//

\ 4
_ A\ v
t L 1 \¢ | 1 |
14 28 49 14 28 49
AGE (DAYS)

- Modulus of Elasticity in Compressmn as a Function of Age. Water

to Cement Rat1o is 0.55,
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Square Feet of Building Space

per Square Mile of Available Land

B AC B c D

Distance from Center of Urban Area (miTés)

Figures -MDensity of Building Space as a function of
Distance from Center of Urban Arga_'
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Figure 6. ~-The San Fernando, California, Earthquake of February 9, 1971;
Zones of Modified Mercalli Intensity (Note: Shaded area represents
urban area).
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A ' DEBRIS REMOVED IMMEDIATLY AFTER
DISASTER AND BEFORE ESTABLISHMENT
OF CONCRETE RECYCLING PLANTS N
AREA |

L o | PROCESSABLE QUANTITIES OF
© CONCRETE DEBRIS EACH YEAR

MILLION TONS OF CONCRETE DEBRIS REMOVED FROM

< /

i

(0l

< /

o

- /

m ]

< ) )

Y '/\¥’
O 05 10 15 20 25 30 35 40 45 50 55 60

TIME IN YEARS AFTER
NATURAL DISASTER

Fig. 8 - Clearance of Cbncrete Debris Following a Natural Disaster

Note: The area of the triangle in this Figure should equal the total
tonnage of concrete produced by the natural disaster. Accordingly,
the abscissa x varies from 0.167 to 3.30 million tons for total
concrete debris generation of 0.5 to 10 million tons respectively.
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Fe DEBR’I'S T SOME Fe DEBRIS R
PRELIMINARY o
CLEANING AND PRIMARY
SIZE ' CRUSHING
_ | REDUCTION .
NON - FERRQUS | NON-FERROUS
DEMOLITION DEBIIQIS DEMOLITION DEBRIS
75 % CONCRETE 85 % CONCRETE
11 % BRICK 9% BRICK
H% WOOD 4.0% WOOD
3% GYPSUM, PLASTICS, 2.0% GYPSUM, PLASTICS,
GLASS, ETC. ETC.
¥
NON-CONCRETE . MAGNETIC
NON- FERROUS DEBRIS AND MANUAL | Fe DEBRIS
: SEPARATION
26% BRICK OF FE DEBRIS
63% WOO0D
85% CONCRETE
@ 1% g:_ESUM, PLASTICS, 9% BRICK
) | ' 4% WOOD
SANITARY 2% GYPSUM, PLASTICS,
LAND v ETC.
FILL < - SORTINGS OF
gg o/; \gggsDUM LIGHTWEIGHT
o : IMPURITI
ETC. RITIES
90% CONCRETE
10% BRICK
SECONDARY
CRUSHING
l RECYCLED
AGGREGATE
90% CONCRETE
0% BRICK
Fig. 9 - Material Balance of Plant for Recycled Concrete Aggregate.
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DEMOLITION DEBRIS

_
| PRECLEANING PROCESS |
____________ E
TLY CONCRETE DEBR
NON-CONCRETE l MOSTLY CONCRETE 5
DEBRIS
A 42"x 16' HOPPER ~ FEEDER
RE- BAR

30" x 42" JAW CRUSHER

5'x14" (D.§%=4"
SCREEN } 200 TPH)

. (4'OPENINGS)

MAGNETIC @

_ SEPARATOR
~ SANITARY : _ -

LAND FILL | B v RE-BAR
p . 42 x50 44“% 20‘
| ?gPNVEYORTY ) DOUBLE - SCREW

RING-TYPE WASHER

{MAX FEED =4"

MOSTLY WOOD WT 400 TPH)
|

UNCONTAM]NATED CONCRETE

22 'L | 5"x i6"
SR{‘}EHER® F/ (SCREEN opemmes
(D.g8%= " a-é,%,%)
200 TPH) l

Ao 13
24" 60' CONVEYOR |24"x 50" sTackeR -
0'—““—"0/ AN
"x 50' /‘!' 3" PRODUCT
. 8

24" x50’ STACKER
4 < A

O © %" PRODUCT

Fig. 10 - Schematic Design of a Recycling Plant with a 120-300 TPH Capacity
Note: D.S. = discharge.
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DEMOLITION DEBRIS

I ——4 PRECLEANING PROCESSJ

NON-CONCRETE

—— vma e —

— R i) WP M e AR @

iMOSTLY CONCRETE DEBRIS

DEBRIS 7 ' W
A 42"x 16' HOPPER - FEEDER
RE-BAR
| PICKED RE-BAR
TV
(Sq(,:" OEPEENNINGS -% 30 *42 JAW CRUSHER
WITH PERFORATED | 42"x 40" D.5%= 4", 200 TPH)
Y PLATES) CONVEYOR
SANITARY 24"y 40’ “BAR
LAND FILL CONVEYOR RE BA
| MAGNETIC
SEPARATOR
~ 42"x 50’ U 42"
CONVEYER CONVEYOR
{SPRING =TYPE) {SPRING - TYPE)
Fig'.' 11 - Schematic Design of U35"x4o' CQNVEYQR
a Recycling Plant with a MOSTLY WOOD
300-450 TPH Capacity. | A
Note: D.S. = discharge. SURGE PILE
44" x 20" o _ | 44"x20'
DOUBLE - SCREW é ‘L SINGLE -SCREW
WASHER WASHER
(MAX FEED =4" |__s | % {MAX FEED = 4"
400 TPH) 200 TPH)
umcommmwso CONCRETE
l 36 ' 40' CONVEYOR
665 l
CONE - - 6'x 18’
CRUSHER . (SCREEN OPENINGS
(DS.= Iz " L 3" 3")
2! 4 ‘g
320 TPH) l 4
24"x 80' STACKER

1= " t >
No x 60" CONVEYOR
24"x80' STACKER

N p Y

o0
| "PRODUCT
2

O——V N\
%_" PRODUCT

24"x80" STACKER /é'

) AN

_2_" PRODUCT

o
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DEMOLITION DEBRIS

f- nnnnn .

-
l PRECLEANING PROCESS !

- 7
MOSTLY CONCRETE DEBRIS
NON- CONCRETE |

DEBRIS ' .
| A | 48" x 20’ HOPPER - FEEDER

RE -BAR 7N
» ]
PiICKED RE-BAR

Al
6'x 16! v
SCREEN Y 30 'x 42" JAW CRUSHERL

(4" OPENINGS —
WITH PERFORATED] 42 x 40 B]J_(Ds*- 4", 200 TPH) ﬁ

‘# PLATES) § CONVEYOR
‘ ' . 1
"SANITARY- 24"x 40"
LAND FILL CONVEYOR RE ~BAR
| MAGNETIC
SEPARATOR ¥
' - ¥ 42" 50 Uaz2"xs0' ™
| CONVEYOR CONVEYOR
{SPRING -TYPE ) (SPRING-TYPE)

& A s Y
42 % 40 CONVEYOR

MOSTLY WOQOD i :

SURGE PILE

44"x 20’
/r DOUBLE - SCREW
WASHER

_ﬁ % (MAX FEED = 4"
| — 400 TPH)

UNCONTAMINATED CONCRETE

, ll 42"x 40' CONVEYOR

RN
7' x 20'
(ng;tilfﬁ @ CRUSHER — (SCREEN OPENINGS
l_'“, -[l’ " )
320 TPH) l ZOO'TPH)»L 2's’'s ;!,

30"x 100" CONVEYOR™ 24"x 80' STACKER

x .

{3 a0 v—*"gﬁ/’o VAN
Sl | -] 3" PRODUCT

AN v . 8
Vo [24"x80' stackeR

14" PRODUCT ! “
S © .é." PRODUCT

Fig. 12 - Schemat1c Design of a Recycling Plant w1th a 450-600 TPH Capacity.
Note: D.S. = discharge.
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DEMOLITION DEBRIS

MOSTLY CONCRETE DEBRIS
NON - CONCRETE

DEBRIS -—
A 48"x 20' HOPPER - FEEDER
RE -BAR
PICKED RE-BAR
SohEE
N 1" Yy
(8" 4' opswmes 0 o 323 4:
WiTH PERFORATED 42"x 40’
CONVEYOR 270 TPH

PLATES)

A

22 x 50"
SANITARY JAW CRUSHER RE-BAR
LAND FILL
230l1’ﬂL_4 MAGNETIC
¥ SEPARATOR
24" 40" ©
CONVEYOR ~ 42"x 50 o P
CONVEYOR cgmvgson '
(SPRING-TYPE) (SPRING=-TYPE)

MOSTLY WOOD 53 'x 50' CONVEYOR

uaee pu.e
. ‘l T 44"x 20"
L i DOUBLE-SCREW
WASHER i}
(MAX FEED=4
400 TPH)

UNCONTAMINATED CONCRETE

_ ¥ \
e 8t ] -2
48 % 50 CONVEYOR
66 S 5100
CONE CONE - 7"x 20
((:;&SLHIE!? (CgU HIE‘B — (SCREEN OPENINGS)
- R~ A l. 2, _ )
320 THP) l ZOO‘THP)l 2’3’8
g 36" x 100" CONVEYOR® 24’ x 100 STACKER <
x
P " , O___“‘-“O/A .
24 x |00 STACKER /@ _g_" PRODUCT
wA G—é’ |24"x 100" STACKER
11" PRODUCT R A 2\ |
°© % PRODUCT
Fig. 13 - Schemat1c Design of a Recycling Plant w1th a 600-750 TPH Capacity.

NOTE:

D.S. = discharge.
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Fig. 14 - Perforated Plate Screen for Separatina
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Fig.17. - Relationship Between Required Initial Investment in a
Concrete Recycling Plant and Plant Capacity.

(after Table 18).
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Fig. 18 - Guide for Estimating Hourly Cost of Interest and Insurance (22)

Note: Hourly cost = Multiplier Factor x Delivered Price / 1000.
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1.3

1.2

L]

Product Cost of Recycled Concrete Aggregate ($/Ton)

I.O i i A X i) J

200 300 400 500 600 700
Recycling Concrete Plant Capacity, Tons/Hour

Fig. 19 - Relationship Between Production Cost and Plant Capacity in
a Recycling Concrete Plant. .
(Assumption: The plant operates 100 hours/year at average

capacity and will be in operation for 4 years.)
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APPENDIX I - NOTATION

The following symbols are used in this report:

, C3A = abbreviation for 3Ca0 - A1203. Tricalcium Aluminate.
DPM = Damage Probability Matrix
MMI = Modified Mercalli Intensity
RAC = Recycled Aggregate Concrete. Concrete in which crushed and graded

waste concrete has been used as aggregate.
SLF = Sanitary Land Fill
UBC = Uniform Building Code
V = Volume of Specimen
W. = Weight of the Specimen in Air
W, = Weight of the Specimen in Water
y = Specific Weight of the Water
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APPENDIX 11

ESTIMATE OF THE PERCENTAGE OF STRUCTURAL CONCRETE THAT NEEDS REPLACEMENT

.Iﬁ A HEAVILY DAMAGED BUILDING. SURVEY OF PROFESSIONALS IN THE AREA OF

EARTHQUAKE ENGINEERING.

To estimate the percent of structural concrete that has to be re-
placed in a heavily damaged building we contacted seven distinguished pro-
féssionals and scholars in thevarea of earthquake engineering and presented

them with the following question, together with descriptive photographs.

QUESTION
The following question perta1ns to concrete- frame or concrete-shear-
wa]] bu11d1ngs of 5 to 20 stories.
From the following verbal descr1pt1on of a damage situation:
Major structural damage requiring repair or replacement of many

structural members; associated non-structural damage requiring re-
pairs to major portion of interior; building vacated during repairs;

and the enclosed photographs descr1b1ng v1sua]1y the damaqe s1tuat1on and

finally, a numerical description:

cost of repairs = 0.3
cost of replacement

Please estimate the percentage of structural concrete that needs to be

replaced in this particular damage situation.

We received five replies with estimates ranging from 5 to 25% and an

average value of 11.2%.
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APPENDIX III - SOLICITATION OF ADVICE FROM EQUIPMENT PRODUCERS ON THE
DESIGN OF CONCRETE RECYCLING PLANTS (LETTER) e

February 17, 1977

Dear Sir:

I am a graduate student in the Department of Civii Engineering at
Massachusetts Institute of Technology. 1 am currently working with Prof.
S. Frondistou-Yannas on a National Science Foundation sponsoved project
which deals with_an economic assessment of recycling concrete debris. In
a previous studyl, the economic attractiveness of recycled concrete debris
as a substitute for natural aggregate has been assessed for a processing
plant with a 150 to 200 tph capacity. We now want to extend our investi-
gation to higher capacities of the recycling operation. Also, we would
Tike to deal more effectively with the problem of separating steel re-bars
and wire meshes; wood; gypsum; and other deleterious materials from the
concrete debris.

The purpose of this survey is to gather some realistic purchase/rental
price and operational cost figures so that the production cost estimates
can be made for concrete recycling operations. The latter, in this work,
includes only the following operations:

(a) Preliminary separation of steel re-bars and wire-meshes from con-
crete debris.?

(b) Loading, crushing and screening through primary crusher.

(¢) Further separation of steel re-bars and wire-meshes.3

(d) Loadingg crushing and screening through secondary crusher.4

(e) Removing unwanted materials (e.g., wood pieces and gypsum in wall-
boards, plaster or tiles) from crushed concrete.

(f) Stockpiling of finished product.
I would appreciate it very much if you could design in a rough manner

a low-cost crushing-washing plant whwch would meet the following design
criteria:

{a) The least expensive plant with respect to setting up and operating
is preferred, whether fixed or portable.

(b) Primary crusher should be abTe to accomodate a maximum of a 3' x
3' concrete piece.

{c} Primary crusher should produce a 4" minus to 6" minus aggregate.
(d) Secondary crusher should procude a 1-1/2" minus aggregate.
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February 17, 1977 Page 2
(e) Average Production should be around tph on continuous
basis.
(f) Any model year equipment {new or used) can be used to assemble
the plant.

(g} There is no spatial restriction upon the setting up of the plant.

The equipment which is possibly needed to construct the plant is listed
on the next page. Please supply the figures requested if they are availabie;
- otherwise, please place a {?) in the appropriate box.

For equipment not available from your compnay, I would appreciate it
if you could supply references from which we can locate it.

Attached you will find the diagram of a schematic design. Please feel
free to change or modify the system.

In addition, I would 1ike to ask you to enclose brochures describing
the equipment you have used in the design.

If you wish to have a copy of our report, I would be more than happy
to send you one. I would appreciate it if you would return this question-
naire as soon as possible., Thank you very much for your assistance.

Respectfully yours,

Herbert Ng

HN:D
Enclosures
IItoh, T., "An Assessment of the Economic Attractiveness of Waste Concrete
as Aggregate Material," thesis presented to Massachusetts Institute of
Technology, Cambridge, Mass., 1976, in partial fulfillment of the require-
ments for the degree of Master of Science.

2For example, size-reduction by steel ball hanging from a crane, then manual
pick up of re-bar and wire-meshes.

3For examp]e; a magnetic separator with some manua] separation in addition.
4The 2-stage close-circuit process depicted in the attached figure can also
be substituted by other processes.

5For example, a coarse material washer-dewaterer as shown in the attached
figure, or an impactor type secondary crusher may serve some of the separa-
tion functions.



-167-

DEMOLITION
DEBRIS

I
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APPENDIX IV - REQUEST FOR CRITICAL REVIEW OF FINISHED DESIGN
(LETTER TO EQUIPMENT PRODUCERS)

April 26, 1977

Dear Sir:
Thank you for the useful information that you have sent to us.

After spending some effort in analyzing the materials that we gathered,
we finally came up with some tentative schemes for processing recycled con-
crete at different capacity ranges. Based on our objective, these schemes
have to be technologically feasible, efficient, and produce products that
can achieve some of our quality standards. Also, we have to be very aware
of the economic feasibility of these schemes. Re-bar and metallic materials
are the major factors affecting efficiency. We have tried to use a combina-
tion of pre-sorting at dump field, special screen, conveyor with spring ad-
Jjustment underneath the jaw crusher, picking table and magnetic separator
to minimize the problem. With regard to the quality standards, we are most-
1y concerned with the gypsum on the surface of the recycled concrete pieces,
and wood materials. Coarse-material washer dewaterer has been selected
after a review of some other types of washers, scrubbers and separation
technologies. _

Diagrams of these schemes, together with the price lists of the equip-
ment used, are enclosed with this letter. We'll appreciate it very much if
you can review these schemes and make some comments on their 1) feasibility,
2) efficiency, 3) ability to produce quality products and 4) economy. Also,
we'll be grateful if you can check the prices and power consumption of the
equipment used so that we will not present inaccurate information. Finally,
we hope you can help us in evaluating the estimates of the operating costs
(i.e., fuel and lubrication costs) and maintenance and repair costs of these
schemes as presented on the last page of the enclosed materials.

Although we understand that our request may burden further your busy
schedule, your suggestions and advice are valuable and indispensable in mak-
ing this a fruitful study. Time is really pushing on us. It would be nice
if we could hear from you at your earliest convenience.  In case you may
have questions, please contact me at 617-253-1000, Ext. 5-9562, or leave a
message at 617-253-5336. We appreciate your help and look forward to hear~-
ing your comments in the near future.

Respectfully yours,

Herbert Ng

D
Enclosures






