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DESIGN LIVE LOADS FOR PASSENGER CARS PARKING GARAGES

By Y. K. Wen," Member, ASCE, and G. L. Yeo®

ABSTRACT: The objective of this study is to obtain a better understanding of live loads in passenger cars
parking garages and to recommend an appropriate value for design. Load surveys were conducted in nine parking
garages in Chicago and Urbana-Champaign, Ill., and Boston and Cambridge, Mass. Based on the survey data,
statistical analyses were carried out on the equivalent uniformly distributed loads, which produce the maximum
column axia loads and beam midspan moments that the building is expected to experience during its lifetime.
The dynamic amplifications due to vehicle motions on the decks and ramps were also investigated. The results
suggest a possible reduction of the design live load from the current value of 2.39 kN/m? (50 psf), as stipulated
in the ASCE-7-95 and other codes and standards, to 1.92 kN/m? (40 psf), but with no allowance for reduction

according to the bay area.

INTRODUCTION

As stipulated in ASCE-7-95 (ASCE 1996), the Standard
Building Code (Southern 1997), and the Uniform Building
Code (International 1997), the design live load intensity that
applies to passenger cars parking garages is 2.39 kN/m? (50
psf). No reduction according to area is alowed in ASCE-7-
95. Provisions of both the Sandard Building Code and the
Uniform Building Code, however, permit a reduction of live
load intensities in passenger vehicle garages. For example, the
Uniform Building Code alows the design live load to be re-
duced at a rate of 0.08%/sq ft of the area supported for struc-
tural members supporting 13.93 m® (150 ft*) or more. The
Uniform Building Code allows the reduction of design load up
to a maximum of 40% in horizontal members. The Uniform
Building Code also stipulates that the reduction percentage
shall be less than the value computed by the following equa-
tion:

reduction percentage = 23.1(1 + dead load/live load) (1)

For most parking garages, the 40% limit implies a design load
of 1.44 X N/m? (30 psf). There are several concerns regarding
the above provisions. First, unlike live loads in office and res-
idential buildings, which are generally spatially random, park-
ing garage loads are due to vehicles parked in regular patterns
and the garages are often full. The rationale behind the reduc-
tion according to area for other live loads therefore does not
apply. Second, it is generaly felt that the design live load of
2.39 kN/m?® (50 psf) is overly conservative and that a lower
value can be used without sacrificing structural integrity. This
observation can be demonstrated by a simple calculation using
the most conservative assumption of vehicle weight. To arrive
at amore readlistic design load and possibly justify areduction
of the current design value, a study of the parking garage
vehicle loads and load effects on the structural members is
necessary. A literature survey indicated that very little has been
done in this area. For this purpose, a live load survey was
carried out to collect data from nine major parking garagesin
downtown Chicago and Urbana-Champaign, IlI., and down-
town Boston and Cambridge, Mass. Distributions of vehicle
weights were established, and statistical analyses were carried
out on the column axia loads and beam midspan moments
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that the structure is expected to experience over its lifetime.
The corresponding equivalent uniformly distributed load
(EUDL) that will result in the lifetime maximum load effect
can then be calculated for possible use in code provisions.
Details can be found in Wen and Yeo (1999).

LOAD SURVEY AND ANALYSIS OF LOAD EFFECTS
Conduction of Survey

A load survey was conducted in parking garages in Chicago
and Urban-Champaign, Ill., and Boston and Cambridge, Mass.
To ensure an accurate representation of the cross section of
vehicle load distributions in different buildings, multistory
parking garages in buildings serving various purposes were
surveyed. They are as follows:

1. Huron Plaza, Chicago (residential complex)

2. John Hancock Center, Chicago

3. Ontario Place Commercial Parking Garage, Chicago

4. Holiday Inn, Chicago

5. University of Illinois at Urbana-Champaign Rental Park-
ing Garage, Champaign, IlI.

6. University Inn, Champaign, III.

7. Carle Medical Center South Clinic, Urbana, Ill.

8. Massachusetts Institute of Technology Parking Garage,

Cambridge, Mass.
9. Pl Valey Commercial Parking Garage, Boston

Each survey was conducted once. The extent of occupancy
in the parking garage at the time of the survey was recorded.
The sizes of each parking garage and each individual parking
lot were measured. The make and model of each vehicle were
also recorded. The weights of individual vehicles were then
obtained from the Market Data Book [different editions of
Automotive News (1998)], which contains specifications for
cars available in the United States. In all, a total of 364 ve-
hicles were surveyed in the state of Illinois, and 155 in Mas-
sachusetts; their curb weights ranged from 769.5 kg (1,693 1b)
(Geo Metro) to 3,909 kg (8,600 Ib) (Chevy Suburban). Pas-
senger and cargo weights will be added in the analysis.

Distribution of Vehicle Weights

Statistics and histograms of the vehicle weights in each of
the nine garages surveyed in Illinois and Massachusetts were
checked to see if there was any dependence on geographical
location and city size. Based on the mean and standard devi-
ation of the vehicle weights, and on the shape of the histogram
obtained for the vehicle weight distribution, we conclude that
there is no significant difference among the car types that are
present in the four cities of different sizes and locations. The
distribution of the weights of 519 vehicles for all garages com-
bined is shown in Fig. 1. The asymmetrical nature and positive
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skewness of the histogram suggest that the lognormal distri-
bution is a possible model. The values of the lognormal dis-
tribution parameter ¢ and \ can be calculated from the sample
mean and standard deviation of the vehicle weights. From the
mean, w = 1,551 kg (3,413.3 Ib), and the standard deviation,
o = 483 kg (1,063.6 Ib), the values of the lognormal distri-
bution parameters A = E(In X) and s = o, are determined
from the first two moments. The validity of the assumption of
the lognormal distribution can then be checked against the
survey sample distribution as shown in Fig. 2. The fit is rea
sonably good, particularly at the tail. Since the interest is fo-
cused on the extreme load effect produced by the vehicle
weights, the fit at the tail should carry more weight. In other
words, it is the heavier vehicles [say, those that weigh more
than 1,818 kg (4,000 Ib)] that most likely will produce the
governing load effects in the building for the determination of
the design load, and the lognormal model gives an accurate
distribution of these vehicles. For this reason, commonly used
statistical tests that put equal weight on al values of the var-
iable would not be productive, and therefore are not per-
formed. However, to ensure that the lognormal model is the
most appropriate distribution, in Fig. 2, the survey sample dis-
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Probability Distribution of Parking Garage Vehicle Weights (116 = 0.454 kg)

tribution is also compared with other commonly used live load
distributions, namely, normal and gamma distributions with
the same first two moments. It can be seen that the lognormal
distribution is indeed the best among the three models.

Column Axial Load

A schematic representation of the stall layout in a bay of a
typical parking garage is shown in Fig. 3. The layout is pre-
sented in such a manner as to facilitate the computation of the
influence coefficients for the column. Note that the parking
bays considered in this section only alow one-way traffic.
Parking bays that allow two-way traffic will be considered in
a later section. The concept of influence area will be used for
the analysis of the axial load supported by each column. The
load position with respect to the column influences the extent
of loading supported by the column. Intuitively, the closer the
load is to the column, the more significant the effect that it
has on the column, and vice versa. An influence surface shows
the effect of a unit load anywhere on the slab on the column
axial loading or beam midspan moment—the two cases that
will be considered in this study (McGuire and Cornell 1974;
Ellingwood and Culver 1977).
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FIG. 3. Stall Layout and Vehicle Position for Evaluation of Col-
umn Axial Force and Midspan Beam Moment (1 ft = 0.3048 m)
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FIG. 4. Influence Surface for Column Axial Loading

For a column, the influence surface of the load on its axial
loading is shown in Fig. 4 (McGuire and Cornell 1974; Corotis
and Doshi 1977; Chalk and Corotis 1980). Note that the in-
fluence area for the axial loading on a column is four times
the conventional tributary area used in design analysis. An
equation that describes the influence surface shown above is
given by (Corotis 1972)

C(x, y) = (3x* — 2x°)(3y* — 2y°) @)

where C = influence coefficient; and x and y = normalized
spatial variables ranging from zero to one. From Fig. 4, we
can obtain the normalized spatial variables of x and y by di-
viding the coordinates of each stall by the bay length or width.
Approximating the vehicle load by a concentrated force, the
locations of the force in terms of the normalized coordinate
pairs and the corresponding influence coefficients are as fol-
lows:

« Stall 1: (0.125, 0.1667), C, = 0.00318
Stall 2: (0.375, 0.1667), C, = 0.02344
Stall 3: (0.625, 0.1667), C; = 0.05064
Stall 4: (0.875, 0.1667), C, = 0.07089
Stall 5: (0.125, 0.8333), C; = 0.03979
Stall 6: (0.375, 0.8333), Cs = 0.29297
Stall 7: (0.625, 0.8333), C, = 0.63296
Stall 8: (0.875, 0.8333), C; = 0.88614

Hence, for the bay shown in Fig. 3, the total axia load sup-
ported by one column is given by the following formula:

F=CW, + CW, + CW; + CW, + CW; + CsWs

+ CW, + CW, 3

where F = axia loading on one column due to the load on
1/4 of the influence area; and W, = random variables of vehicle
weights, assumed to be statistically independent and to have
the same mean and standard deviation. Thus, the mean value
and standard deviation of F are

E(F)=(C. + C, + C; + C, + Cs + Cs + C; + C)E(W)
= 3,102 kg (6,826 1b) (4)
or=VC?+ C2+C2+ C2+C2+ C2+ Cloy

= 547 kg (1,205 Ib) (%)
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A linear function of the lognormal distribution such as the
axial load is no longer lognormal. According to the central-
limit theorem, the summation of a large number of random
variables will approach a normal distribution. Since only eight
random variables are in the computation of the axial load and
the contribution of two stalls (7 and 8) dominates, the distri-
bution would be somewhere in-between. A lognormal distri-
bution would be a good conservative assumption in this case.
In this study, both the normal distribution and the lognormal
distribution will be used, and a comparison of their respective
extreme values will be made. In general, when the coefficient
of variation is small, such as in the case for the axial load (8
= 0.19), the difference between the normal and lognormal dis-
tribution will be small.

Extreme Column Axial Loading

The mean and standard deviation of the column axial force
obtained above are for one ““redlization’” of afully parked bay.
During the garage’s lifetime, there will be a large number of
such realizations. For a typical commercia parking garage, it
is reasonable to assume that the axial load due to such reali-
zations varies (statistically) independently from day to day. We
are interested in the statistics of the lifetime maximum load
effect. For this purpose, we can use the asymptotic distribu-
tions of the extreme values (Ang and Tang 1984). The distri-
bution for the load effect will be assumed to be either normal
or lognormal, as indicated in the previous section.

Extreme Axial Loading Based on Normal Distribution

Assuming that the central-limit theorem is valid, F will ap-
proach a normal distribution and E(F) = 3,102 kg (6,826 |b)
and o = 547 kg (1,205 Ib). F,, the extreme values of F for a
sample size of n realizations, can be shown to approach the
type | asymptotic distribution (Ang and Tang 1984). E(F,) is
obtained as a function of n and is shown in Fig. 5. We see
that the value of E(F,) becomes less sensitive to the sample
size for large n. For a design life of 30 years, n ~ 11,000. At
this value of n, F, has an expected value of 5,271 kg (11,598
Ib) and a coefficient of variation of only 3.37%. We can con-
clude that the maximum column axial load due to the load in
abay area (i.e., /4 of the influence area for the column) will
be close to 5,273 kg (11,600 Ib).

Extreme Axial Loading Based on Lognormal Distribution

As explained above, the lognormal distribution may be a
more appropriate model for F due to the relatively small num-
ber of vehicles in a typical bay area and the dominance of
several vehicles on the load effect. The extreme value of the
lognormal random variable approaches a type |l asymptotic
distribution (Ang and Tang 1984). E(F,) as function of n is
obtained and is shown in Fig. 5. Considering the relative in-
sensitivity of the value of E(F,) to the sample size for large
n, we conclude that the 30-year maximum column axial load
has a mean value of 6,080 kg (13,376 Ib) (for n = 11,000) and
a very small coefficient of variation. From the calculations
above, it is seen that the assumption of an initial lognormal
distribution gives an increase of about 15% in the mean value
of the extreme axia loads.

Now, consider a separate scenario where there are vehicles
occupying the aisle between the parking stalls, as shown in
Fig. 3. The occurrence of a fully occupied aisle will generaly
be a much less frequent event over the structural life span.
Again we assume a sample size of n = 11,000 for one reali-
zation per day for 30 years, a rather conservative assumption.
A similar analysis using the lognormal distribution results in
amaximum axial load of 6,925 kg (15,236 Ib), which is higher
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FIG. 5. Mean Maximum Column Axial Force As Function of Number of Realizations (1 Ib = 0.454 kg)

than the previous estimate of maximum axial load of 6,080 kg
(13,376 1b).

Assuming a uniform load of 2.39 kN/m? (50 psf) the ex-
pected axial load on each column due to the load in this bay
area (i.e, 1/4 of the influence areq) is equal to 50 X 40 X 60/4
= 13,636 kg (30,000 Ib). The axial load on each column due
to a design load of 2.39 kN/m? 50 psf is about twice the value
of the maximum axial load that we expect the column to ex-
perience over the garage's lifetime. If the axial load on each
column is assumed to be 6,925 kg (15,236 |b), the EUDL is
calculated to be 1.22 kKN/m? (25.4 psf).

Beam Midspan Moment

Referring again to Fig. 3, for a beam, the influence surface
for the midspan moment is shown in Fig. 6 (McGuire and
Cornell 1974). Parking garages that allow two-way traffic flow
will be considered in a later section. Note that the influence
area for the midspan moment on the beam is twice the con-
ventional tributary area used in design. The influence coeffi-
cient can be described by a polynomial along the y-axis (per-
pendicular to the beam) and an exponentia function along the
x-axis (parallel to the beam), as follows:

C(x, y) = e ®"(1 + 0.05y)(1 — 0.025y)* (6)

where C = influence coefficient; and x and y = spatia varia-
bles. It is seen that the shape of the influence surface is sym-
metrical about both the x-axis and the y-axis, with the origin
at the center of the beam. The coordinate pairs and their cor-
responding influence coefficients are

Stall 1: (20, 35), C, = 0.00422
Stall 2: (20, 25), C, = 0.03109
Stall 3: (20, 15), C, = 0.06718
Stall 4: (20, 5), C, = 0.09405

The midspan moment due to a load at (X, y) from the center
of the beam can be computed by

M(x, y) = M(0, 0) X C(x, y)

where M(0, 0) = midspan moment when the load is located at
the center of the beam. Hence, the midspan moment due to
vehicles 1-8 in Fig. 3 (no vehicles in the aisle) can be cal-
culated as follows:

M = C,(7.5W,) + Cy(7.5W) + Cy(7.5Ws) + C.(7.5W,)
+ Co(7.5We) + Co(7.5Wi) + C(7.5W,) + Cy(7.5Wp) 7

influence area = y x 2w

FIG. 6. Influence Surface for Beam Midspan Moment

and
E(M) = 7.5(2C, + 2C, + 2C; + 2C,)E(W)

= 13.8 kN-m (10,176 Ib- ft) (8)
om = 75V/2C2 + 2C2 + 2C2 + 2C% oy

= 1.83 kN-m (1,352 Ib- ft) )

Extreme Midspan Moment

Again, the analysis will be based on both a normal distri-
bution and a lognormal distribution, and a comparison of their
respective extreme values will be made. Assuming first an in-
itial normal distribution for M, with the mean and standard
deviation given by (8) and (9), M,, the extreme values of M
for a ssmple size of n redlizations, will approach the type |
asymptotic distribution. The expected value of M, as a func-
tion of the sample size n is shown in Fig. 7. A reasonable
estimate of the lifetime maximum midspan beam moment is
20.9 kKN-m (15,440 Ib-ft) (for n = 11,000 for a duration of
30 years). Assuming then an initial lognormal distribution for
M, we can obtain the expected value E(M,) as a function of
n, as shown in Fig. 7. A good estimate of the lifetime maxi-
mum midspan moment is 22.9 kN-m (16,900 Ib-ft) (for t =
30 years and n = 11,000). As in the previous case, the log-
normal distribution gives a slightly higher result.

For the scenario where there are vehicles (numbers 9 and
10 in Fig. 3) occupying the aisle between the fully parked
stalls, a similar analysis using the lognormal distribution re-
sults in a maximum midspan moment of 101 kN-m (74,900
Ib-ft) for n = 11,000 (30 years). This value is much larger
than that obtained without the vehicles in the aidle. It is at-
tributed to the proximity of the vehicles to the center of the
beam, which results in a much higher midspan moment (see
the midspan moment influence surface in Fig. 6). Hence, a
midspan moment of 101 kN-m (74,900 Ib-ft) will be used.
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Assuming a uniform load of 2.39 kN/m? (50 psf) over the bay
area, the midspan moment on each beam can be calculated
from the influence surface function as follows:

30 40
M=4><50><7.5><J f C(x, y) dx dy
[0 0]

= 350 kN -m (258,620 Ib- ft) (10)

It is seen that the midspan moment due to a design load of
2.39 kN/m? (50 psf) is more than three times the value of the
maximum midspan moment that we expect the beam to ex-
perience over its life span. If the midspan moment on each
beam is assumed to be 101 kN-m (74,900 Ib-ft), using the
reverse of the process described above, the equivalent uni-
formly distributed load can be calculated to be 0.695 kN/m?
(14.5 psf).

Parking Garage with Two-Way Traffic

For a layout of a typical parking bay that allows two-way
traffic, based on conservative assumptions of a sample size of
11,000 and a lognormal distribution for both the axial loading
and the midspan moment, the maximum axial load is deter-
mined to be 7,856 kg (17,285 Ib). The corresponding equivalent
uniformly distributed load is calculated to be 1.27 kN/m?
(26.6 psf). The EUDL for the maximum midspan moment is
much less.

DYNAMIC EFFECTS OF MOVING VEHICLES

A study of moving vehicle loads on the garage decksis also
carried out to evaluate the effects of dynamic floor slab oscil-
lation. Literature surveys indicated that a common construc-
tion method for parking garages is precast, prestressed con-
crete or cast-in-place posttensioned concrete beams and slabs
(Tyson 1999). For the dynamic response analysis, we use a
floor slab model of a flat, homogeneous, rectangular plate,
18.3 m (60 ft) long by 12.2 m (40 ft) wide, supported by
beams. Other commonly used methods such as steel floor
joists would likely result in stiffer labs and less dynamic os-
cillation. We use a Young's modulus of 3.1 10" kN/m? (4,500
ksi) and a Poisson’s ratio of 0.15. The density of the concrete
is assumed to be 2,407 kg/m?® (150 Ib/ft®) with a thickness of
0.152 m (6 in.). The dynamic study of vehicular loads will be
done in three steps. The first step is the modeling of the move-
ment of a single vehicle over a typical floor slab. The effects
of the velocity of the vehicle and the slab dimension on the

284 / JOURNAL OF STRUCTURAL ENGINEERING / MARCH 2001

dynamic amplification will be examined. The second step is
the modeling of the movements of several vehicles over afloor
slab, and the effects of the number of vehicles on the dynamic
amplification will be investigated. The third step isthe analysis
of the combined effect of both the static loads and the dynamic
loads due to moving vehicles over the floor slab. An equivalent
uniformly distributed load will then be determined for the life-
time maximum load effect. Study of the dynamic amplification
factor (DAF) for the floor slabs requires proper modeling of
the boundary conditions of the floor slab in a given bay. Since
it is generally difficult to determine the actual boundary con-
ditions, both a simply supported plate and a fully clamped
plate will be considered in the following. The latter is a more
realistic assumption for a continuous plate.

Floor Response under Single Moving Vehicle

For a ssimply supported plate on all four edges, the mode
shapes under free vibration can be expressed in terms of sim-
ple sinusoidal functions. Consider first the contribution of the
first mode only, whose natural frequency is determined to be
2.43 cycles/s. The dynamic response of the slab under asingle
moving concentrated |oad depends on the speed of the moving
load and the span length. We focus on the dynamic response
at the center of the slab, which would be most severe and can
be used as a good measure of dynamic amplification. For the
range of speed and the size of the slab, the higher mode con-
tribution compared with that of the first mode will be exam-
ined. It is assumed in this study that the vehicle is a concen-
trated moving load along the centerline of the slab. Thisis a
conservative assumption, since in reality the four wheel loads
will each have only a fraction of the total weight and will not
be at the centerline of the plate, and the dynamic forces due
to each wheel load will be dlightly out of phase. The tota
dynamic effect would therefore be less severe. The displace-
ment at the center of the slab due to the first mode as a func-
tion of time elapsed after the vehicle moves on the plate and
before the vehicle leaves the plate is given by

ap, 1 [
yt) = —> — f e " ginfwg(t — T)]sin(w\Vit/a) dr
M wq J,

d
fort < a/Vv (11)

where a = width of plate; P, = weight of car; M = mass of
plate = pabh (where p = density of plate) = 81,800 kg (5,590
slugs); V = velocity of vehicle; o, = undamped natural fre-
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quency of plate vibration; and wq = w,\/1 — ¢* = damped
natural frequency. The displacement due to free vibration after
the vehicle leaves the plate is given by (11), with the upper
limit of integration changed to a/V.

For a dab with four edges clamped, the free vibration prob-
lem is considerably more complex. The first mode natural fre-
quency is determined to be 4.61 cps based on Magrab (1979).
Using an approximate cosine mode shape function, the dis-
placement at the center of the slab as a function of time when
the vehicle is still on the plate is given by

Again, after the vehicle leaves the plate, the upper limit of
integration is changed to a/V. The displacement time histories
under vehicles moving at different speeds are calculated ac-
cording to (11) and (12), in which a damping ratio of 2% is
assumed. The displacement (ft) according to (12) as afunction
of time elapsed after a vehicle of 1,551 kg (3,413.3 Ib) moves
on a clamped slab is shown in Fig. 8 for three vehicle speeds.
The static deflection under the weight of the vehicle at the
center of the dab is 0.00166 m (0.00547 ft). It is seen that at
low speed, the response is quasi-static with little dynamic os-
cillation. The dynamic amplification increases with vehicle

t . . .
8P, 1 ) 2\t speed and becomes significant only at an extremely high
yoO = . J; € Sinfoy(t — m]cos (—= — 1) dr speed, which is unlikely to occur in a parking garage.
The dynamic amplification factor, defined as the ratio of the
for t < a/Vv 12 maximum dynamic response to the static response, of avehicle
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FIG. 8. Displacement at Center of Slab for: (a) V =8 km/h (5 mph); (b) V =32 km/h (20 mph); (c) V =202 km/h (126 mph) (1 ft = 0.3048 m)
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parked at the center of the slab is shown in Fig. 9 for both
simply supported and clamped boundary conditions. It reaches
amaximum of 1.7 at 106 km/h (66 mph) for the simply sup-
ported slab and 2.8 at 202 km/h (126 mph) for the clamped
dlab when the duration of the moving load on the slab coin-
cides with the natural period of the slab vibration. In the nor-
mal range of vehicle speeds in parking garages, the amplifi-
cation factor is quite small. For example, it is less than 1.33
for vehicle speeds less than 10 mph and less than 1.5 for
speeds less than 80 km/h (50 mph).

The actual dynamic amplification that is experienced by a
continuous concrete slab is probably much closer to that of a
fully clamped than a simply supported plate. Hence, the fully
clamped scenario will be considered in the rest of the paper.
The dynamic amplification factor is independent of the weight
of the vehicle. It is seen from the above parametric study that
the dynamic amplification is highest when the duration of the
vehicle on the plate coincides with the natural period of the
plate. Reducing the width of the plate reduces the natural pe-
riod, but also reduces the duration of the vehicle on the slab
for a given speed. These two effects tend to cancel each other
in terms of dynamic amplification. The effect of the width of
the plate on the dynamic amplification would therefore be
small. For normal traffic conditions, one expects the vehicular
speed to be much less than the values that achieve maximum
dynamic amplification. A conservative factor of 2.0, therefore,
isused in this study to convert the dynamic loads to equivalent
static loads for a single moving vehicle.
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(b)

Dynamic Amplification Factor As Function of Vehicle Speed: (a) Simply Supported Slab; (b) Clamped Slab (1 mph = 1.6 km/h)

Effect of Higher Modes

The approximation of using only the fundamental mode in
the above analysis is examined by also considering the next
few higher modes contributing to the displacement at the cen-
ter of the slab. For the clamped slab, the next mode has a
natural frequency of 11.35 cycles/s. The contribution of this
mode to the total displacement for the case of V = 32 km/h
(20 mph) is about one order of magnitude smaller. The peak
displacement increases only 13% by adding this mode. The
rest of the contributing higher modes would add approximately
6%, 2%, etc. to the peak response, which would be adequately
accounted for in the conservative estimate of the dynamic am-
plification factor of 2.0.

Floor Response under Several Moving Vehicles

The combined effect of the movement of several vehicles
across the concrete slab can be obtained by superposing the
slab displacement due to each vehicle under the assumption
that the plate response is linear. It can be seen that the maxi-
mum dynamic amplification occurs in a situation where there
are only two vehicles, since the width of the bay is only suf-
ficient to accommodate two vehicles.

To evaluate the response, we assumed two vehicles moving
across the dlab at 8 km/h (5 mph) (a reasonable speed, con-
sidering the fact that the vehicles are moving one after the
other) at a spacing of 2.4 m (8 ft) apart. The plate response
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equations in the previous sections are used, and the dab dis-
placements due to two vehicles are superposed to obtain the
dlab response. From Fig. 8(a), one can see that at such low
speeds, the slab response is quasi-static, with very little dy-
namic amplification. In other words, the maximum deflection
at the center of the slab would not be too much different from
that due to two stationary vehicles waiting in the lane. For
example, according to the above scenario of two vehicles in
tandem, the lag time for the second vehicle is approximately
3—4 s, depending on the length of the vehicles. It is seen by
superposition of the time histories that the maximum response
would probably be even smaller than that due to a single ve-
hicle because of cancellation. Other scenarios may produce
dlightly different results. The overal dynamic amplification,
however, would be small for multiple moving vehicles. The
maximum static deflection can be computed using the midspan
deflection influence coefficients for vehicles not at the center
of the plate. The influence coefficients for the deflections are
given by the following equation, using normalized coordinates
(McGuire and Cornell 1974):

I(X) =3x* — 2x*> for0O<x<1 (13)

where x is normalized by half of the span length. Assuming
that two stationary vehicles are in the aisle at quarter-span
points of the concrete slab, the maximum static deflection due
to the two vehicles is about the same as that of a single vehicle
in the center.

Dynamic Effects on Column Axial Load and Beam
Bending Moment

Consider the layout of the parking garage in Fig. 3. The
effects of dynamic amplification due to moving vehicles can
be taken into account by using an equivalent static load that
produces the same load effect. The effects of moving vehicles
can be incorporated by multiplying the static load effects by
the dynamic amplification factor obtained above. Consider first
the case of a single vehicle moving across the slab. It has been
shown earlier that the dynamic amplification factor is inde-
pendent of the weight of the vehicle, and only dependent on
the velocity of the vehicle. The DAF is also shown to be less
than 2. The total load supported by one column is given by

F=CW, + CW, + CW; + C\W, + CW; + CsWs
+ CW, + CaW; + C.W, (14)

where F = axial loading on one column due to the load on
1/4 of the influence area; W, = statistically independent random
variable for the weight of each parked vehicle; C, = column
force influence coefficient; W,,, = weight of the moving vehicle;
and C,, = effective static load coefficient due to the moving
vehicle = influence coefficient X DAF. Similarly, the midspan
moment M sustained by one beam is given by

M = Cy(7.5W.) + Co(7.5W,) + Co(7.5Ws) + Ca(7.5W,)
+ Ci(7.5We) + Co(7.5Wi) + Co(7.5W,) + Co(7.5W5)
+ Co(7.5W,)

Since the DAF for a single moving vehicle is less than 2, the
dynamic effect would not be more than that, due to the static
effect of four vehicles waiting in the aisles, two in each di-
rection, which has been considered before.

For the case of two vehicles moving across the dab, it has
been shown that the resulting dynamic amplification would be
small. Therefore, the resultant load effects on the columns and
beams would again be less than in the case of four vehicles
waiting in the aisles for two-way traffic parking, the case con-

sidered before. Finally, when two vehicles are moving in op-
posite directions in a two-way traffic situation, the dynamic
amplification factor would be less than that of asingle vehicle,
since the peak dynamic deflections would be much less likely
to occur at the same time. It would be reasonable to conclude
that dynamic amplification due to moving vehicles would not
cause EUDL to be more than the case of fully parked two-
way traffic bays with vehicles waiting in the aisles, which has
been estimated to be 1.27 kN/m? (26.6 psi).

Dynamic Impact on Ramp

When a vehicle moves onto a ramp with a grade, there is
an impact force on the ramp that should be added to the static
force. The impact force depends on the ramp grade, the vehicle
velocity, and vehicle dynamic characteristics. The exact solu-
tion to this problem is rather complicated, since one has to
consider the impact effect of each of the four wheels and the
six degrees of freedom of the vehicle dynamic motion. In the
following, to estimate approximately the impact effect, the
problem is idealized as a single spring-mass-damper system
on a single wheel. The vertical motion of the vehicle can be
described by a single degree of freedom system under an im-
pact type of excitation. From dynamics, the maximum deflec-
tion of the mass under an impact type of force is equal to the
deflection under a static force multiplied by an impact mag-
nification factor. One can multiply this maximum deflection
by the spring constant to arrive at the maximum force exerted
on the ramp. The force magnitude, however, is a function of
the vehicle weight, velocity, grade, the rate of grade change,
and the size of the car wheel and tire, making exact evaluation
difficult. As an approximate estimate, consider the following
system parameters:

¢ Vehicle weight = 1.818 kg (4,000 Ib) (m = 124.2 slug)
e Spring constant, k = 29,230 kg/m (19,600 Ib/ft)

¢ Vehicle velocity, V = 5 mph (2.23 m/g[7.33 ft/g])

¢ Ramp grade = €°

The natural frequency of the vehicle is 2 cycles/s. Assuming
a short (0.91 m [3 ft]) but smooth (parabolic) transition from
the deck to the ramp

g(x) = 0.0348 x* = 0.348(Vt)*> for 0 < x < 0.91 m (3 ft)

The equation of motion of the vehicle in terms of the vertical
relative motion Y(t) to the ramp surface is given by

my o+ oy ky = g (1)

The force on the right side = 124.2 X 0.348 X 2 X 7.33 =
288 kg (633.6 Ib), which lasts for 3/7.33 = 0.409 s. The so-
lution under the zero initial condition is obtained as

vty = 9 [1 C T sV = St — qj)}

k V1-¢?
fort < 0.409 s (16)

where { = damping ratio; o = circular natural frequency; and
¢ = tan Y(¢/\/1 — {®).The damping ratio for vehicles is nor-
mally around 40%. The maximum displacement can be cal-
culated from the above equation and the impact magnification
factor is very close to 1.0, a well-known result for systems
with large damping (Chopra 1995). The maximum impact
force is, therefore, 288 kg (633.6 Ib), and the impact factor in
terms of the vehicle weight would be 1 + 633.6/4,000 = 1.16.
As can be seen, this factor increases with vehicle velocity and
ramp grade. The same vehicle moving at a speed of 16 km/h
(10 mph) on a ramp with a grade of 10% (maximum allowed
for the ramp) would have an impact factor of 1.54.
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If the transition region is much shorter, with the transition
time less than half of the vehicle natural period, the impact
would be of the impulse type, and the vehicle response time
history (with critical damping) is

Y(t) = I—m te ! 17)

where | = impulse = mAV; and AV = 7.33 X sin 6° = 0.22 m/s
(0.73 ft/s), the change of vehicle vertical velocity from zero
after the transition. The maximum response can be found from
the above equation to be 0.013 m (0.042 ft). The impact factor
is

1 + 0.042 X 19,600/4,000 = 1.2

which is dlightly greater than the previous case of 1.16. Again
for V = 16 km/h (10 mph) and a grade of 10°, the factor
increases to 1.59.

The assumption of a single mass for the vehicle, however,
is conservative, since in reality the vehicle motion has at |east
two degrees of freedom when both the front and the rear
wheels are considered, and the impact force would be some-
what less than the above values. It can be concluded from the
above that a value of 1.5 would be a good conservative esti-
mate of the dynamic impact factor on ramps.

OTHER CONSIDERATIONS
Variation of Stall Size

The stall width can be as narrow as 2.4 m (8 ft). In the
above typical bay, there can be 10 stalls with parked vehicles.
The load effect would obviously be higher. An analysis par-
alel to the above was carried out for each case. The governing
case of column axial load for two-way traffic with vehiclesin
the aisles (Fig. 10) gives a 30-year maximum value of 8,876
kg (19,528 Ib) (EUDL of 1.44 kN/m* 30 psf) if a lognormal
distribution is used and 7,882 kg (17,340 Ib) (EUDL of 1.27
kN/m? [26.64 psf]) if a normal distribution is used for the load
effect. In passing, it is pointed out that some commercial valet
parking garages may have more densely parked carsin agiven
bay, but with cars parked only in half of the aisle. Theresulting
load effects would not be about the same as the above values.

Variation of Bay Size

It is noted that the above models are for typical parking
garages. There is variation of bay size and stall layout (such
as layouts with different angles). An angled stall layout in-
creases the stall width and slightly reduces the length of the
bay. The net effect on the EUDL would be minimal. In the
following, the bay width is varied to see the sensitivity of the
design load to such variation. It is not uncommon to have a
bay size of 9.1 m (30 ft) by 18.2 m (60 ft) with three stalls
on each side, and a precast deck with beams spaced 9.1 m (30
ft) apart. In these designs, the bays are smaller. For a 9.1 m
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FIG. 10. Vehicle and Stall Layout for 10-Stall Bay (1 ft = 0.3048 m)
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(30 ft) by 18.2 m (60 ft) bay alowing three stalls on each
side, the governing case of atwo-way traffic bay with vehicles
in the aisles is considered. In this case, the number of vehicles
in the bay is reduced; however, the bay area is also reduced
proportionally. It is therefore expected that the EUDL would
not be sensitive to the bay size variation. To verify this ob-
servation, the 30-year maximum column axial load is calcu-
lated. It is found to be 5,940 kg (13,069 Ib). The corresponding
EUDL is therefore 13,069/450 = 1.39 kN/m? (29.0 psf), which
is only dightly greater than the 1.27 kN/m?® (26.6 psf) for the
previous case of a larger bay with four stalls on each side.
The EUDL for the 30-year maximum midspan beam moment
is much less than 1.44 kN/m® (29.0 psf).

Passenger and Cargo Loading Factors

It is difficult to ascertain the actual distribution of passenger
and cargo loading in vehicles. Literature surveys also dem-
onstrate a lack of information in this area. As a result, an
approximate analysis is performed to estimate the effects that
the increased loads have on the equivalent uniformly distrib-
uted load.

The passenger and cargo load is assumed to have a mean
value of about 17% of the actual weight of the car, which
corresponds approximately to two passengers plus 113 kg (250
Ib) of cargo load, including gas. The coefficient of variation
is assumed to be 33% (standard deviation equal to one-third
of the mean value). The total weight of the vehicle can be
represented by a new random variable, given by

total weight of the vehicle, Wy = (LF) X W

where W; = total weight of the vehicle, inclusive of the pas-
senger and cargo load; LF = loading factor, a random variable;
and W = weight of the empty vehicle.

From the estimation of the passenger and cargo load above,
the LF has a mean value of 1.07 and a standard deviation of
0.016 for parked vehicles (with no passengers), and 1.17 and
0.05 for moving vehicles (with passengers). Assuming aso
that the loading factor has a lognormal distribution, LF has A
= 0.0675 and { = 0.016 for parked vehicles, and A = 0.155
and ¢ = 0.0435 for moving vehicles; we can then determine
the statistics for Wr to be A = 8.101 + 0.0675 = 8.168 and {
= V/0.301* + 0.016* = 0.301 for parked vehicles, and \ =
8.101 + 0.155 = 8.255 and { = 1/0.3012 + 0.0435? = 0.304
for moving vehicles.

Using these total vehicle weight statistics, we calculated the
governing case of the maximum axial loading supported by
the column for a bay with two-way traffic and moving vehicles
in both directions. The EUDL for the 30-year (n = 11,000)
maximum load effect is found to be 1.34 kN/m? (28.1 psf) for
an eight-stall bay and 1.53 kN/m? (32.0 psf) for a 10-stall bay,
using a normal distribution. A lognormal distribution assump-
tion would yield, correspondingly, 1.48 kN/m® (30.8 psf) for
an eight-stall bay and 1.67 kN/m? (34.8 psf) for a 10-stall bay.

Future Impact of Very Heavy Vehicles

In recent years, some sport-utility vehicles have gotten
heavier, and some of them exceed 4,545 kg (10,000 Ib). How-
ever, these heavy vehicles still represent a small percentage of
the database (e.g., only two 3,909 kg (8,600 Ib) Chevy Sub-
urbans out of 519 vehicles in the load surveys). The effect of
such vehicles could be important due to regional variation and
could become more pronounced in the future.

SUMMARY AND RECOMMENDATIONS

Load surveys of vehicle weights were conducted in nine
commercia parking garages. Statistical analyses of the maxi-
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mum load effects on beams and columns due to vehicle loads
over the lifetime of the garages were carried out using the
survey results. Dynamic effects on the deck due to vehicle
motions and on the ramp due to impact were investigated.
Effects of bay size variation, and passenger and cargo loading
factors were aso considered. In the analyses, when data were
unavailable, reasonable and conservative assumptions regard-
ing vehicle parking and loading patterns were made. The re-
sults are summarized as follows:

1. The EUDLSs that would produce the 30-year maximum
column axial force and midspan beam bending moment
are conservatively estimated to be 1.48 kN/m? (30.8 psf)
for an eight-stall bay and 1.67 kN/m? (34.8 psf) for a 10-
stall bay of a typical size of 12.2 m (40 ft) by 18.3 m
(60 ft).

2. The EUDL is not sensitive to bay-size variation.

3. The dynamic effect (defection) due to moving vehicles
on the deck is mainly a function of the vehicle speed,
and is less than two times that of the static defection for
a single moving vehicle. The dynamic amplification is
reduced to close to unity when vehicles are moving in
tandem. The net effects of moving vehicles are found to
be not higher than in the case of the driving aisles being
fully occupied by stationary vehicles waiting in line.

4. The impact force on the ramps is conservatively esti-
mated to be 1.5 times a single vehicle weight.

Based on the above results, we conclude that the current
design load of 2.39 kN/m?® (50 psf) in ASCE-7-95 is conser-
vative compared with the estimated 30-year maximum EUDL
of 1.67 kKN/m? (34.8 psf). In view of the possible impact of
very heavy sport-utility vehicles, however, a design load of
1.92 KN/m? (40 psf) is recommended, with no allowance for
reduction according to bay area. It represents a 20% reduction
from the current ASCE-7-95 value, but is still much higher
than the 1.44 kN/m? (30 psf) when an area-based reduction is
applied for large bays, as alowed in most standards. An impact
load of 1.5 times a single vehicle weight may be used for
ramps. The recommendations, however, apply only to regular

commercia parking garages and not other special-purpose ga-
rages where vehicles may be more densely parked or where
the same type of heavy vehicles are parked, causing higher
load effects.
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