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ABSTRACT: A cost analysis of a reinforced concrete modular box system for
housing, using the highest possible degree of finish in factory
is presented. For this an engineering design solution for the
modular unit is provided using a mobile home as a model for
overall dimensions and satisfying major constraints on weight,
transportation and erection. The quoted costs (Chicago Area,
1977} related to construction in factory (which includes
structural mechanical and electrical systems), transportation
to site and erection are analyzed in function of the number of
units to be built, the distance from factory to site, the weight
of the modules and other relevant parameters. The information
thus derived provides a data base to be used in evaluating

trade-offs between prefabricated box systems and other methods
of construction.

Introduction and Scope

Two factors are considered essential in evaluating the real growth of the
housing stock of a nation: (1} the differential rate at which new housing units
are added and existing units are removed because becoming obsolete or unservice-
able, and (2} the service life of the newly added units. Several approaches
primarily based on the first factor have been considered as a solution to
increase the housing stock of various countries; they include, for example, self
help construction [1], industrialized housing construction [2,3,4] and the use
of mobile homes [5,6,7]. However, the second factor, although as important as
the first one, seems to be often ignored [8].
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History has shown that properly constructed houses can last and remain
serviceable for several centuries; although architectural concepts have evolved
the basic layout and subdivision of a housing unit or the shape of a room have
remained essentially the same. It is interesting to note that many, century
0old houses have undergone several remodeling and modernizing steps such as
addition of electricity, plumbing, heating ventilating air conditioning, finish-
ing and the like while their structure was kept almost intact. This implies
that if the basic structure of a housing unit is durable then the unit can be
made to serve its purpose for a long period of time. If one considers that the
cost of the structural system represents a relatively small fraction (15 to 30%)
of the total cost of a housing unit, one realizes that the amount spent on the
structural system yields, with the effect of time and inflation, the highest
return on the housing investment.

Industrialization or prefabrication is believed to be among the most
efficient methods to cure the world housing shortage and meet the housing needs
of coming generations [9]. Prefabrication has many advantages such as lowering
the direct cost of materials and labor, shortening construction time, and
increasing productivity. There is alsc general agreement that: (1) among
alternate structural systems proposed for prefabrication, box or modular systems
are preferable because of their compatibility with a high degree of finish in
factory and their seismic resistance, and (2) among currently available building
materials concrete is most suitable. The structural importance of reinforced
concrete as the building material of the future is stressed by Burks [10] and
was recognized by the 91st U.S. Congress [11,12] due to the increasing cost of
steel, the serious shortage of wood and other envirommental concerns.

The choice of concrete is alsc advantageous, at least in the U.5. because
of the existence, within the construction industry of a strong technically
advanced and technologically equipped expanding nucleus: the Precast Prestressed
Concrete Industry.

The feasibility of any proposed solution for housing has to pass the "Total
cost"” test and therefore be optimized with respect to that attribute considering
service life and inflation. The current development of reinforced concrete box
systems for housing is seriously limited by transportation and erection con-
straints on size and weight and their corresponding costs.

The purpose of this study is to provide information on the feasibility of
a reinforced concrete modular box system for housing using the highest possible
degree of finish in factory. For this an engineering design solution is first
proposed using a standard mobile home as a model for overall dimensions. A
housing unit may require several boxes or modules. The quoted costs (Chicago
area, 1977) related to comstruction in factory, transportation to site, and
erection are generated and analyzed in function of the number of units to be
built, the distance from factory to site, the weight of the modules, the number
of stories and other relevant parameters. The information thus derived pro-
vides a data base useful in evaluating trade-offs between prefabricated box
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systems and other methods of construction for which similar information must be
developed.

Description of Box System Analyzed

After a preliminary evaluation of many possible designs the structural
system shown in Fig. 1 was selected. It consists essentially of: (1) a rec-
tangular reinforced concrete slab with inverted joist beams in the longitudinal
direction, (2} a column of each corner of the slab, and (3} a reinforced
concrete beam ring joining the upper ends of the columns. The structure was
designed using lightweight aggregate concrete (115 1bs/£t?) with a 28 days com-
pressive strength of 5,000 psi and reinforcing steel of 60000 psi yield strength.
A cross section of the floor slab as well as a typical Jongitudinal view of a
joist beam are shown in Fig. 2. The slab is meant to house various non-struc-
tural components such as water pipes, heating/air conditioning ducts, etc.
€or which future access for maintenance or remodeling is made possible through
removable floor panels (Fig. 3). The webs of the longitudinal beams contain
regular openings (Fig. 2b) to provide transverse access of the various non-
structural systems. In order to allow for the highest degree of finish in
factory, it was required that the unit must be completely finished at least on
the inside. This meant that when the unit leaves the factory, the floor and
the interior faces of the ceiling and the walls must be in their final form.

If built using bricks, concrete bhlocks or reinforced concrete these components
(ceiling and walls) would increase the weight of each unit to unmanageable
values. It was thus assumed that if say an outside brick wall is desired it had
to be built on site after the unit is placed in its final position. The inside
part of the wall was designed using typical gypsum boardson wooden studs as
shown, for example in Fig. 4. The above weight saving solutions brought the
weight of the factory completed unit to about 28 tons while the weight of the
concrete structural system was about 23 tons. A summary of the major cost

items and their variation as a function of size of the housing unit or of the
project are presented next.

Cost of the Structural System

Using the same design criteria and drawings such as those shown in Figs. 1
to 4, three companies were visited and asked to evaluate the cost to the client
(i.e., their cost of materials and labor including overhead and profit) of the
structural system. A summary of the cost values submitted is shown in Table 1.
Also shown is the cost of buying a steel or a wooden mold to fabricate the
units. The use of either type depends on the number of units to be built for
a particular project. Tt can be seen that a wide range of cost values can be
expected for the same product. Figure 5 shows the variation of the cost of the
structural system, including or not the cost of forming. The cost range is
limited by the lowest and highest values quoted for the structural system and
for the molds. It was assumed that a wooden mold could be used from 10 to 20
times and that a steel mold would be used about 200 times; for large size pro-
jects more than one steel mold may be required, but the increase in cost per
unit is not significant especially if one considers the time saved.

Cost of Other Subsystems: Electrical and Mechanical

A detailed design of the electrical, plumbing and HVAC (Heating Ventilating
Air Conditioning)} systems for a typical housing unit made out of one, two, three,
or four modular boxes was performed. The design was based on common requirements
and acceptable standards. Typical costs are shown in Fig. 6. The cost of the
electrical system was divided almost equally between material and labor for which
an hourly wage of 12.5 §/hr. was assumed. In order to size the HVAC system a
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geographical location must be determined. In this study the Chicago area was
selected; thus it was assumed that celd winters and hot summers prevailed. The
required heating and cooling capacities for a single unit were estimated at
about 28,000 and 15,000 BTU, respectively. These values do not increase pro-
portionately to the number of boxes per housing unit and will depend on whether
the boxes are stacked or placed adjacent to each other. Some typical designs
were made for up to four adjacent units and four stories high. The direct cost
of the heating furnace, the air conditioner and their installation does not
substantially increase if say four modular boxes are used instead of two per
housing unit. The cost increase is mainly duwe to additional duct work. Typi-
cally for a housing unit with two-box modules, about 55% of the HVAC cost is
due to the direct cost of the heating furnace, the air conditioner and their
installation.

The cost of plumbing for a single and double unit was based on the lay-
outs shown in Figs. 7 and 8. Note that the double unit carries essentially an
extra bathroom and has a higher capacity water heater. For the three and four
units house an extra half bath and a dishwasher were added.

Cost of Foundation

In order to evaluate the cost of foundation several structural configura-
tions had to be assumed., They are schematically shown in Fig. 9. Foundations
typical of today's construction solutions were then studied; the analysis
included, in particular, floating or mat foundation with a basement, and square
footings on soil or on piles without a basement but with a covered parking
space at the ground level. It was assumed that the design bearing capacity of
the soil was 2 KS8F (kips per square foot) and that, where applicable, cast in
place concrete piles with 50 tons capacity were used. These augered cast in
place concrete piles, according to a cost estimate of different piling solu-
tions, led to a total cost lower than that of H-shaped steel piles and
corrugated pipes filled with concrete. The analysis considered a pile length
equal to one foot per ton of load carrying capacity. Table 2 summarizes the
costs for the various solutions analyzed and Fig. 10 shows the variation of
foundation cost per modular unit as a function of project size. It can be seen
that for projects requiring a large number of units (say more than 100) the
foundation cost per unit stabilizes at about $1000 and varies little with the
adopted solution. Referring back to Table Z it can also be observed that
generally the higher the foundation cost the higher the available area of
basement or parking space per unit; however, there is no direct proportionality
between them.

Transportation Cost

A number of companies were asked to quote transportation costs for the
modular box units described in Figs. 1 to 4. In order to quote transportation
charges most companies required the following information:

a) Dimensions and geometric configuration of structure to be transported
b) Composition of structure

c) Weight

d) Departure and arrival points

Since the information had to be general enough, accurate quotations could not
be sought except in some particular cases. The following information was
generally provided: outside dimensions of unit = 12.5 x 11 x 36 feet;

weight = 28 tons; distance = variable. Most companies noted that for the

above dimensions which exceed legal specifications, a permit (from the Bureau
of Traffic, Division of Highways) would be required at a fixed cost of about
$25 per unit; in addition a flag or escort car should accompany the unit during
transportatkon.
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Company (1) provided the following quote: the average charge for the cab
{which includes driver and maintenmance) is $22 per hour; for the trailer the
charge was about $300 per month of $2 per hour; for the escort car the charge
was $5 per hour if supplied by the company. It was also stipulated that the
minimum rental time is 8 hours, and that idle overnight time (= 15 hours)
amounts to $5 per hour. The above information was plotted in Fig. 11, Curve 1,
versus active mobilization time for transportation of up to 16 hours (two work-
ing days). It can be seen that a minimum of $265 per unit can be expected even
for very small mobilization times.

Company (2) provided two quotes for an 18 and 28-ton units, to be trans-
ported within a 50-mile radius, with a minimum charge corresponding to four
hours of mobilization time. The quotes were $28.25 per hour and $30.25 per hour
(including cab, trailer, driver, and maintenance) respectively and $16.5 per
hour for the escort car. With the above values and assuming same charges for
idle overnight time as Company (1), the transportation cost for an 18 and 28-
ton units were computed and plotted in Fig. 11, versus mobilization time. The
two curves bound a narrow shaded ares numbered 2. It can be observed that for
small mobilization times of less than four hours minimum transportation charges
are relatively small and of the order of $208 per unit. However, for lomnger
mobilization times, transportation charges of Company (2) become substantially
higher than those gquoted by Company (1). Finally, it should be noted that
within the indicated range (18 to 28 tons) the weight did not seem to make much
difference in the transportation charges quoted by Company (2}.

Company (3} quoted transportation charges according to the "Tariff Method"
which essentially uses weight and distance as major variables instead of time.
A typical quote was $14.8 per ton of transported item with an additional 25%
charge for overdimension (applied to the modular units) and two free hours each
for loading and unloading. The required escort car was estimated at §$16.5 per
hour and the permit at $25 per modular unit. Transportation costs were computed
for two typical trips: Milwaukee to Chicago (70 miles) and Milwaukee to
Kalamazoo, Michigan (224 miles). In order to show how these costs compare with
the previous ones a second axis of abcissa representing distance was plotted
in Fig. 11 with its origin corresponding to four hours of mobilization time
(representing four hours of free loading and unloading). The scale of the
distance axis was chosen to correspond to an average cab speed of 30 miles per
hour. The cost curves (numbered 3 and 4) for a 20 and 28-ton units are shown
in Fig. 11. It can be seen that, contrary to the method used by Company (2],
the weight here has a substantial effect on cost and that, for small distances,
this method is less cost effective than the two other described earlier.

As a general remark it can be said that within reasonable values of
weight, dimensions, distances and mcbilization times, transportation costs are
not significant as compared to other costs.

Erection Costs

In order to estimate erection costs in a general way it was assumed that
the types of crane needed are conventional, mounted on trucks, with a boom of
100 feet and a working radius of 30 feet at maximum capacity. The height of
the structure to be build was limited to five stories and erection costs were
computed for hypothetical units having different weights. A summary of these
costs is shown in Table 3; the cost applicable in particular to a 28-ton unit
correspond to the column with a maximum weight of 30 tons. The cost of an all
risk insurance was estimated as 4% of the purchase price of each crane. In
addition to the direct monthly or daily costs the set up cost was computed and
is applicable to a given project. It was assumed that the cranes will be
transported in parts to the site by trucks and that it will cost $300 per truck
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($30 per hour for 10 hours); a similar approach is used at the end of the pro-
ject to transport the crane back to the rental company; the number of trucks
needed for each crane is given in parenthesis under the cost of transportation;
as some crane parts are wider than 12 feet a permit of $25 is needed for each
way; the cost of assembling or disassembling each crane was based on a crew of
five iron workers, working 16 hours at $14.73 per hour.

In order to compute the erection cost per modular unit the erection time
per unit and the total number of units per project N are needed. The erection
cost per unit is given by:

CE = D*R + §/N
where
D = daily cost of crane
R = erection rate, days/unit
S = total set up cost
N = total number of units per project

Typical values of erection costs for a 30-ton maximum unit (similar to the
modular units used in this study) are computed in Table 4 for various erection
rates. It should be noted that the values are essentially hypothetical (too
high) for small projects with one or two units. Observed trends are described
in Figs. 12 and 13 where erection costs per unit are plotted for different
erection rates and different weights. It can be seen that erection costs per
unit tend to stabilize for large size projects at relatively low values.

Cost of Finish and Other Costs

No detailed study was undertaken to estimate the cost of finish as it
depends on many variables where personal taste prevails.. "Finish' included
here doors, windows, painting, flooring and the outside finish of the walls
where desired. Except for the last item they are all assumed completed in the
factory. The following minimal values of cost of finish per unit were used:
$1000 for a project involving one unit, $750 for a project involving four units
and $500 for large size projects of say fifty units or more.

Total Costs

Total costs were calculated using the above described information for
projects of various sizes and the percentases of total cost for each major item
were computed (note these costs do not include land). Project sizes included
one single unit, a house with four units on two levels and a full basement, and
buildings of fifty and two hundred units with basements containing only two
unit-size apartments. ‘Total cost values are summarized in Table 5 and cost
percentages are plotted in Fig. 14 versus the number of units per project.

For all cases it was assumed that forming cost is either $339 per unit (i.e., a
wooden mold used ten times) or lesser when applicable, and that an equivalent

to the erection cost of one single unit amounts to $366. Two cases were studied
for the four-unit house: (1) a case where the house was considered a unique
project and the full cost of erection and forming were applied; (2) a case where
the house was a part of a larger development requiring a total of two hundred
modular units. In Fig. 14 only the average percentage of the above two cases
are shown. Figure 14 suggests that the cost of transportation erection for
small projects may represent a high enough percentage of total cost to offset
the advantages of prefabrication. On the other hand, for large size projects
the above costs tend to be minimal.

Going back to Table 5 it can be observed that the total cost of a single
unit compares favorably with the cost of a mobile home if the service lifes of
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each are entered in the evaluation. Also the cost per square foot of gross
floor area (assuming 432 square feet per unit) is within a competitive range
compared to amy other type of construction.

Concluding Remarks

The above study has provided first cost data on a reinforced concrete box
system for industrialized housing, designed for the maximum feasible degree of

finish in factory. Similar studies must be conducted to evaluate first cost
for on site construction and other prefabricated systems. The advantages of

the above method cannot be fully assessed without considering the savings due
to a faster project completion time and the service life of the structure. If
first costs of fully prefabricated and on site units are compared, it is
generally agreed that they may be only about 10% different. It has been shown
in the above study that such a difference may be easily offset by the cost of
transportation erection for relatively small projects. However, it is never
possible to fully compare two methoeds of approach for the same project. Too
much risk and uncertainties are involved in the real process. Nevertheless,
only an analysis of the achievements and productivities of other industries
such as the manufacturing and auto industries will let us foresee and trust
the potential benefits of durable prefabricated housing.
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TABLE 1

Cost of Materials for the Structural System

Company Company Company
Ttem (1) (2) 3)
Steel Mold $ 20,000 37,500 29,000
Wooden Mold $ 3,389 - -
Reinforcing Steel
in Place $/1b 0.25 0.35 0.50
. a
Concrete in Place
$/cubic yard 84.0 67.5 70.0
Wire Mesh in Placeb 0.16 _ ;
$/ft2 .
Reinforced Concrete®
in Place $/cu yard 137.25 142.05 176.5
Cost of One Unit®
not Including 1976.4 2045.5 2541.6
Forming Cost

a - Lightweight concrete, strength 5,000 psi; unit weight,
115 1b/ft?.

b - The value of 0.16 was used in the calculations when needed.

¢ - Based on 2 total of 14.4 cubic yard of concrete and 3068 1bs
of reinforcing steel per modular unit.
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TABLE 2

Cost of Various Types of Foundation

Total Relative Area of
Description of Foundation Cost Per | covered Parking
Cost Unit
Structure Type %) ($) Space or Basement
Per Unit
Crushed stone with
One Unit one inch concrete 250 250 0
topping
One Unit Basement-Mat 8,064 8,064 1
Foundation
Two Adjacent Basement-Mat 11,299 5,649 1
Units Foundation
Three Adjacent Basement-Mat
Units Foundation 13,699 4,565 1
Four Units (two
levels with Basement-Mat 11,299 2,825 0.5
. Foundation
two units each)
Pile Foundation 74,200 1,484 0.20*
stories high by L e 40,644 812 0.20%
five adjacent
units wide by Basement-Mat
WO UnNits deep) Foundation 64,500 1,290 0.20
(one level)
1 3 #
Two Hundred Units Pile Foundation 190,000 950 0.10
{ten stories Square Footing +
high by ten on Soil 160,177 800 0.10
Edjiﬁznt 9:1ts Basement-Mat
é_{;e ) units Foundation 215,766 1,078 0.20
P {two levels)

*Covered Parking Space
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TABLE 3
Summary of Costs for Erection Equipment
Maximum Weight of Unit (tons) 15 20 25 30 35
Crane Capacity (tons) 49 60 70 85 100
hod Rental 3900 4500 6000 7500 10500
§ Maintenance 400 400 400 400 400
:i Driver § Oiler 6066 6066 6066 6066 6066
% Insurance 665 735 787 945 1190
é Total Monthly 11031 11701 13254 14911 18156
Daily Costs at 21.67
(Day/Month) 510 541 613 690 840
& Permits 50 50 50 50 50
@ | Transportation to 600 1200 1800 1800 3000
@ and from site (1y* (2)* (3)* (3)* (5)*
L7
Assembling and Dis-
=7
5 assembling Crane 2357 2357 2357 2357 2357
+
g Total Set-up 3007 3607 4207 4207 5407
*Number of Mobilized Trucks
TABLE 4
Typical Erection Costs for a 30-ton Unit
. Erection Cost Per Unit for an Erection Rate of
No. of Units
Per ‘Project 0.25 Day/Unit 0.50 Day/Unit 1 Day/Unit
1 4897* 4897+ 4897
5 1013 1i8e 1531
10 593 765 1111
20 382 555 800
40 277 450 795
60 242 415 760
80 225 397 742
100 214 387 732
200 193.5 366 711

*Assuming 1 Day Minimum
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TABLE 5

Total Cost Values for Typical Projects

One Unit Four Units  Four Units Fifty Units Twec Hundred

on with with with Units with
Grade Basement Basement Basement Basement

{a) (b) (c) (c)
Structural 2,259 9,036 9,036 112,950 451,800
Electrical 618 1,697 1,697 25,350 101,400
HVAC 1,900 3,550 3,550 61,550 246,200
Plumbing 1,480 3,492 3,492 61,675 246,700
Forming 338 5758 3,390 16,950 29,500
Foundation 250 11,299 11,299 64,500 215,766
Transportation 265 1,060 1,060 13,250 53,000
Erection 366 1,464 5,587 21,450 73,200
= Finish 1,000 3,000 3,000 25,000 100,000
¢

Total Cost 8,477 35,173 42,111 402,675 1,517,566
Cost $/f£t? 19.62 20.35 24.37 . 18.64 17.56

{a) Part of a development with at least 200 units.
{b) Unique project.

{c¢) Assuming Z2-unit size apartments.
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