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Introduction
Industrial buildings, to a greater extent than other 
commercial building types, are designed to maximize 
the operational functionality of processes and 
people. Most industrial buildings are constructed by 
real estate developers looking to make a return on 
investment by leasing the facilities. Industrial space 
is typically leased on a triple net basis, usually at the 
lowest rental rates of any type of commercial use. 
The buildings are usually located in areas less visible 
than retail or office developments and the sites are 
generally not conducive to extravagant architectural 
branding efforts. Functionality, flexibility and initial 
construction cost are the most important factors in 
successful industrial building development.

As an introduction to the issues that determine 
success in designing industrial facilities for 
functionality, flexibility and cost, NAIOP published 
Rules of Thumb for Distribution/Warehouse 
Facilities Design in 2005. Due to the changing 
nature of industrial development, NAIOP decided 
to update and expand the first edition in 2019. 
The architectural firm of HPA, Inc., provided the 
material for the first Rules of Thumb publication 
and also created the material in this second edition. 
HPA is not a large company based on employee 
count, but it is responsible for the design of more 
square footage of industrial facilities than any other 
architectural firm in the United States over the 
last twenty years. Through this broad experience, 
the firm’s architects have developed a deep 
understanding of the functional requirements, 

materials and design principles that underpin a 
successful industrial building. These rules of thumb 
represent an introduction to that knowledgebase.

When designing industrial buildings, HPA examines 
the wide range of functionality that an operator 
desires along with the return on investment that a 
developer requires. These form the parameters that 
guide the design of a building’s architectural fabric: 
floor slabs, column grids, roof geometries and truck-
yard configurations. The resulting building is judged 
by its ability to support the functions of a particular 
operator, its return on investment for a particular 
developer, and its visual enhancement of a particular 
community and location. In short, its success is 
measured by its real-world performance.

This book is structured in chapters that focus on the 
aspects of industrial buildings where many criteria 
intersect. Each chapter has a detailed discussion of 
the criteria relevant to a specific aspect of the facility, 
along with how the criteria combine in optimal ways. 
Each chapter closes with the abbreviated rules of 
thumb for the design considerations discussed in that 
chapter. These are presented in a brief bullet-point 
format as a quick reference guide. For example, if 
you just want to know how deep to make the truck 
yard for a standard building, the numbers are listed 
in the rules of thumb at the end of Chapter 1. If you 
want to know why that is the rule, and when it might 
be appropriate to use a different depth for a specific 
project, read the entire chapter.

Overview
Chapter 1 considers the site-planning aspects of a 
facility. It addresses design considerations related to 
truck movement, dock locations and rail service. 

Chapter 2 examines the interior of a facility and the 
systems that determine its internal layout. Topics 
include material handling equipment, racking 
systems and Early Suppression Fast Response 
(ESFR) fire suppression.

Chapter 3 is a discussion of the floor slab and 
the roof structure of industrial facilities, the key 
determinants of cost and function. It addresses 
concrete detailing, sloping buildings and keeping  
the rain out.

Chapter 4 looks at the ways smaller buildings (80,000 
square feet and smaller) differ from larger ones. It 
addresses how the rules of thumb derived in the 
previous chapters might change as the scale changes. 

Chapter 5 is an overview of how the uses and 
economics of industrial buildings are changing and 
how they are being adapted. It focuses on trends, 
new approaches and disruptions.

Appendix: Warehouse/Distribution Design  
and Aesthetic Image

Context is one key element of aesthetic design; by 
definition, it is different for different sites, developers, 
markets and times. Rather than try to derive 
aesthetic rules of thumb, this appendix contains  
a logistics building design portfolio that illustrates 
past successful approaches.
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A performer balancing on one leg on a precarious 
perch while juggling bowling pins provides a 
metaphor for site planning an industrial building. 
There are many objectives involving several 
interacting variables. Success requires keeping 
a careful balance in the overall design while 
maintaining a focus on a few critical issues.

One primary objective is maximizing coverage, or 
the amount of rentable area yielded in a site plan. 
But at the same time, providing functionality for 
the tenant is also a priority. Municipal regulations, 
such as setbacks, landscape percentages and 
parking ratios, must be followed. Eventually, there 
will be a price tag attached to the construction costs 
associated with the site plan design. The rules of 
thumb presented here juggle these variables to 
maintain an optimum balance in the competitive 
industrial real estate market.

A Word on Market-Driven  
Rules of Thumb
Perception and function do not always match up. 
The real estate market where a project is located 
will have its own rules of thumb that are guided 
more by common perceptions than by function. The 
approach here is to look at the probable worst-case 
condition and ensure that the derived rules of thumb 
can accommodate it efficiently. In this section, that 

CHAPTER 1

Moving Materials to and from the Building: Site Planning
means: Can the largest legal truck maneuver easily 
in the space provided and still allow optimal building 
coverage factors? 

For instance, the derived truck yard depth in the 
following section is 131 feet, while the recommended 
depth is 130 feet. The 130-foot number has 
stuck in the marketplace checklists. It works in 
most situations since it is based on the probable 
worst-case condition, which turns out to be fairly 
uncommon. The natural question, then, is why not 
fall back to the more common condition, which 
results in a number of 111 feet? The irrationality of 
the marketplace says that a shorter depth would 
result in a Class B building since 111 feet is less 
than 130 feet. The 111-foot distance sounds so 
much lower than 130 feet that even in smaller 
buildings, the market focuses on yard depths of  
120 feet instead of the functional 111 feet. 

Most developers create buildings that compete 
in a regional real estate market. Markets are not 
necessarily driven entirely by functionally derived 
rules of thumb. Often a “bigger must be better” 
mindset is at work. In Southern California, the 
brokerage community generally agrees that the 
“right” truck yard depth on a large distribution 
building is 130 feet. In Northern California, the 
brokerage community sets that number at 135 feet. 
HPA has shown that a functionally derived depth is 
131 feet. Both 130 feet and 135 feet work well in the 

current operations of these buildings. This book’s 
approach is first to understand the actual physical 
requirements that generate these rules of thumb and 
then to provide the minimum number that works and 
is also familiar to the brokerage community. (This 
can be found in the recommendations section at the 
end of this chapter.)

Smaller buildings of around 80,000 square feet or 
less are more constrained regarding site planning 
in general than larger buildings. As a building gets 
smaller, it becomes harder to generate coverage 
factors that make for attractive returns. At the same 
time, per-square-foot construction costs increase 
as building size decreases. The rules of thumb will 
change based on building size, as discussed in 
Chapter 4.

This chapter begins by looking at the optimal design 
for a larger building. The prototype illustrated in 
Figure 1.1 (page 8) would typically be 200,000 
square feet or larger.

This hypothetical building would typically have a 
truck yard area similar to the one illustrated in  
Figure 1.2 (page 8).
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Maneuvering Trucks Around a Facility
Trucks have been gaining share from rail and water-based shipping for the last two decades. For today’s 
distribution operations, trucks are the dominant mode of transportation (Table 1.1). The end of this chapter 
provides an overview of how rail service is generally planned as a reference for sites that are adjacent to a  
rail line.

TABLE 1.1 Modes of Goods Transportation in the United States, 2017.

Transportation Mode Percentage by Ton Percentage by Value

Truck 66% 73%

Pipeline 17% 8%

Air Freight Less than 1% 7%

Other 3% 4%

Ship 5% 4%

Rail 8% 3%
 
Source: U.S. Department of Transportation, Bureau of Transportation Statistics, Transportation  
Statistics Annual Report 2018 (Washington, D.C.: Bureau of Transportation Statistics, 2018), 4-14,  
https://doi.org/10.21949/1502596.

There are likely to be significant changes in the trucking industry in the near future. Electric-powered rigs will 
begin to replace gasoline and diesel fleets. Driver-assisted and fully autonomous trucks are being tested on the 

Figure 1.1 Hypothetical warehouse building and truck yard. Figure 1.2 Detail of a typical truck yard.

https://doi.org/10.21949/1502596
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roads today. But the impact of these changes on facilities 
design is not apparent. Will autonomous electric trucks lead 
to changes in rig sizes? It seems unlikely in the near term, 
given the current road infrastructure and trailers that are 
configured for conventional trucks. Will these new driver-
assisted and autonomous trucks have tighter turning radii 
and more precise maneuvering? That is more likely, but the 
parameters are unknown, and facilities will accommodate 
conventional trucks and human drivers during any industry 
transition. HPA maintains that using conventional truck-
maneuvering data is currently the best practice in designing 
site plans.

An intrinsic part of truck loading is backing up to a dock 
door that is almost the same size as the trailer. Trucks in  
the U.S. have the driver on the left side of the cab. It is 
easier for a driver to look over their left shoulder as they 
back in. Because of this backing-in movement, trucks 
should move counterclockwise around an industrial 
building to facilitate visibility over the left shoulder of the 
driver. The first rule of thumb for site planning, then, is to 
orient truck circulation to run counterclockwise. Figure 1.3 
illustrates trucks entering from a direction that facilitates 
counterclockwise flow.

Providing counterclockwise circulation is a key concern 
when identifying optimal locations for driveways to bring 
trucks from the street onto the site. 

Truck queueing is one variable in the site-plan juggling act. 
Large buildings generate a lot of truck traffic, and most 
tenants will have some sort of security process to check 
individual trucks in and out of the facility. If insufficient 
space is provided for trucks to stack up at these security 
points, they will start backing up onto the street or back 
into the operating areas. The largest trucks are about 73 
feet long bumper to bumper. In the condition illustrated in 
Figure 1.4, about two of these trucks could fit between the 
truck yard and the driveway turning in from the street. A 
third truck would start to block the street.

Figure 1.3 Counterclockwise circulation of trucks around a facility.

Figure 1.4 Entrance with minimal truck queueing space.
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There is no standard for how many trucks need to 
be accommodated in these queues. Some tenants 
with high volume and velocity in their operations will 
expect to queue more than eight trucks, while other 
tenants will be happy with room for just two at their 
gate. Generally, as a building gets larger, it requires 
more truck doors and more queueing lines.

Figure 1.5 illustrates how HPA would address the 
need for longer truck queueing lines. This approach 
brings the trucks on-site at a different building corner 
and provide a drive that leads to the optimized 
flow point where a guard shack might be located. 
That would accommodate a long line of trucks. A 
drawback is that longer queueing uses site area for 
truck maneuvering that could instead be used to 
build rentable area. The decision to implement long 
queueing drives will depend on the local market, 
building size and developer preference.

Truck Configurations
While the U.S. Department of Transportation 
(USDOT) has regulated some standardization in 
truck configuration across all states, individual states 
have their own regulations. Many combinations and 
variations in truck configuration can exist within 
the combined regulations in any given jurisdiction. 
There is, however, a finite range of variables in most 
truck configurations that should be considered 
when designing distribution facilities. The following 
variables are the most important:

• Tractor-trailer rig configurations.

• Obstructions adjacent to trailers and rigs.

• Door size and placement.

The minimum turning radius for a specific truck at a 
particular building is dependent on several variables 
of tractor rig configuration, trailer size and the 
location of adjacent objects that obstruct a truck’s 

inner turn radius. The tractor rig configuration can 
vary in many ways, including steering angle, lock-to-
lock turns, wheelbase and kingpin placement. 

Trailer size and wheelbase configurations can also 
vary from small 30-foot units to “supervan” trailers 
that can measure up to 60 feet in length. However, 
all but 19 states effectively limit trailers to 53 feet, 
and overall length limitations also constrain tractor 
rig configurations. The American Association of State 
Highway and Transportation Officials (AASHTO) 
publishes a configuration called WB-67 (for 67-foot 

Figure 1.5 Suggested accommodation of truck queueing lines.

maximum wheelbase) that works as a standard 
“biggest” rig in most locations. The following 
best-practice scenarios are based on a WB-67 
configuration.

In addition to the configuration of the tractor-
trailer rig itself, the adjacent available space for 
maneuvering affects the effective turning radius of 
the truck in a given situation. This means that truck 
door spacing and the configuration of the adjacent 
trailer or rig must be considered when determining 
the minimum turning radius.
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The key dimension determining the maneuverability 
of the full truck rig is the trailer length, which 
translates closely to its overall length (see Figure 1.6). 
There are many trailer length standards out there, 
from shipping container frames measuring 40 feet  
to common interstate trailers measuring 48 feet  
and 53 feet. This chapter focuses on a probable 
“worst-case” scenario that happens nationwide: a 
53-foot trailer.

A 53-foot trailer with an overnight truck cab equals 
an overall length of about 73 feet. This is the 
longest legal rig in most states. But to understand 
the maneuverability of this 73-foot-long full rig, it 

Figure 1.7 Typical large tractor trailer dimensions.Figure 1.6 Tractor trailer components affecting yard maneuvering.

is critical to know the kingpin to rear axle distance 
(KPRA). Truck drivers have the ability in many rigs 
to move the rear axle position back and forth on 
the trailer to balance weight distribution. Maximum 
load on a single axle is an important metric that is 
weighed at interstate inspection stations. That metric 
interacts with several different opinions of how the 
rear axle placement affects highway gas mileage, so 
there is no standard setting for the KPRA distance.

The bigger the KPRA, the larger the maneuvering 
radius required by the rig. In California and many 
other states (and per the Surface Transportation 
Assistance Act federal route standard), the KPRA 

has a 40-foot maximum limitation. This leads to the 
probable worst-case configuration: an interstate 
overnight cab carrying a 53-foot trailer with a KPRA 
of 40 feet (see Figure 1.7). Rigs carrying smaller 
trailers and/or having smaller KPRA distances can 
maneuver in tighter radii than this probable worst 
case scenario.

“Probable” is the operative word. It can get worse in 
some locations, or with some non-standard truck/
trailer combinations, but that would be unusual. 
It usually does not make sense to devote space in 
truck yards to situations that seldom happen in  
most operations.
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Figure 1.8 Truck swing radii for doors 13 feet on center.

Swing Radii and Obstructions
In day-to-day operations, how far apart the dock 
doors are in the building determines how close an 
adjacent truck rig can be located (see page 14 for a 
detailed discussion on door spacing).

One of the criteria for door spacing is the yard depth 
required for a truck to back into and move away 
from an open dock door when doors on either side 
are occupied, but there are other considerations as 
well. The recommended truck yard maneuvering 
distances in this chapter are derived using dock 
doors spaced at 13 feet on center. The dock door 
size used is 9 feet wide by 10 feet high. This chapter 
uses these criteria and demonstrates how changing 
this standard door spacing affects the depth 
requirement for the truck yard.

Figure 1.8 shows how dock door spacing affects the 
maneuvering distances of trucks exiting to the left of 
the driver. These doors are shown spaced 13 feet on 
center. The truck rigs are 8 feet, 6 inches wide. That 
means that if two trucks are perfectly aligned to the 
doors, they have 4 feet, 6 inches between them. This 
space between trucks is part of the equation used to 
determine the clear distance needed by a truck rig to 
make a 90-degree turn in a single swing.

Another crucial part of the equation is also shown 
in the illustration. When a full rig is adjacent on the 
side a truck will turn, it obstructs 73 feet out from the 
dock face. A trailer without a tractor rig obstructs  
53 feet out from the dock. If there is nothing 
adjacent, there is no obstruction. The maneuvering 
distance needed for a single swing is largest when 
a full rig is adjacent, smaller when only a trailer is 
adjacent and smallest when there is nothing adjacent.

HPA uses a computer program that uses variables 
such as truck dimensions and placement to draw 
the actual modeled truck maneuvering paths in 
CAD software. Since there are more variables than 
those discussed here (e.g., driver skill, specific truck 
manufacturer steering setup, etc.), HPA assumes 
a worst-case scenario for the major variables in 
its calculations. The resulting numbers have been 
proven in the field to provide full functionality without 
excessive wasted space. HPA uses the software tool 
to verify all site plan designs for truck maneuverability.

The rules of thumb recommendations for truck 
yard depth for buildings over 80,000 square feet 
come from this analysis. Market considerations have 
converted the odd 131-foot actual analysis number 
to 130 feet, and that has proven to work well in the 
field (see Figure 1.9, page 13). It is the probable 
worst-case condition in allowing trucks to get onto  
or off a dock door in a single swing.

It is interesting to note that if the condition is relaxed 
from there being a full rig adjacent to the turning 
truck to there being only a 53-foot trailer, the 
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Figure 1.10 Truck maneuvering distance when parked next to a trailer.Figure 1.9 Truck maneuvering distance for buildings over 80,000 square feet serving 
adjacent WB-67 trucks.

required maneuvering distance drops by 15% from 131 feet to 111 feet (see Figure 1.10). This is the rationale 
for reducing the recommended yard depth in buildings less than 80,000 square feet. In smaller buildings, 
truck traffic volume is generally lower, and the tenant has more control of truck rig management door by door. 
To increase overall coverage, the probable worst condition is relaxed to accommodate single swings with only a 
trailer adjacent, not a full rig.

Shared Truck Yards
The same analysis can be applied to a condition where two buildings share a truck yard. In this case, two sets 
of dock doors face each other across a common truck yard, and trucks must share maneuvering space. 

Since a full rig at a dock door extends 73 feet and the truck turning out from the building opposite requires  
131 feet, the total minimum distance for the probable worst case in a shared yard is 204 feet. This all assumes 
that the door spacing is still 13 feet on center.
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Figure 1.11 Using the worst-case configuration from the earlier analysis yields 
a shared truck yard depth of 205 feet.

Figure 1.12 Relaxing the condition to accommodate the 53-foot trailer adjacent 
instead of the full rig means a 111-foot turning dimension opposite for a total 
minimum distance of 185 feet.

Figures 1.11 and 1.12 suggest the shared yard criteria. Shared yards allow overlapping maneuvering space  
and can lead to better coverage factors. If each facing building were provided its own fully functional yard, they 
would each be 131 feet deep for a total of 262 feet. The shared maneuvering space saves 57 feet.

Shared yards mingle tenants more than separate yards. Often, with the usually smaller tenants in shared yard 
configurations, the probable worst-case condition is relaxed and the 111-foot number is used instead of the  
131-foot number, resulting in a 184-foot shared yard depth, saving even more space.

The Effect of Door Spacing
The previous dimensions and recommendations are based on truck doors spaced at 13 feet on center. This 
is currently an industry standard primarily because it provides the maximum number of dock doors in a given 
length of building without resulting in a significant cost premium for the structure. It has also been proven in  
the field to provide drivers with sufficient maneuvering space. But what if there was a reason to space the 
doors differently? 
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Figure 1.13 Truck yard maneuvering distance for doors 17 feet, 4 inches on center. Figure 1.14 Detail of a typical truck yard. Alternative truck yard distance for 
doors 17 feet, 4 inches on center.

If doors are spaced 17 feet, 4 inches apart, then the 
yard distance can be 124 feet instead of 131 feet in 
the most probable worst case (see Figure 1.13). With 
this wider door spacing, if a truck is parked next to 
a trailer and not a full rig, it only requires a 103-foot 
yard (see Figure 1.14).

Planning for Parking Trailers
Trailers are usually parked at all the dock doors of a 
building, and there is often a row of trailers parked 
opposite the dock doors as well. Trailer parking 
affects several design considerations related to wheel 
stop locations and landing pad locations.

Trailers have landing legs near the front so they can 
stay reasonably level when the truck is disconnected 
and pulls away. It is common for trailer legs to hit 
the pavement at the dock area and any areas where 
trailers are parked. The KPRA distance and the 
exact location of landing legs vary enough to create 
a specific design concern for truck yards that use 
asphalt for a portion of the yard.

If the paving surface is something like asphalt, the 
point loads from these legs are likely to damage it. 
When a truck yard is entirely paved with concrete, 
this is not a problem, as the concrete can handle the 
point load from the legs. HPA strongly recommends 
using concrete for at least 60 feet out from the face 

of the dock where trucks and trailers are constantly 
moving. The wear and tear from the truck’s driving 
rear wheels and the trailer legs means asphalt in this 
area would always need repair. A 60-foot concrete 
apron catches trailer legs and the driving rear wheels 
of most rigs.

A concrete apron solves the problem for trailers 
parked at dock doors, but let’s look at how to 
address the problem for trailers parked elsewhere 
in the yard. The variance in rear axle placement 
means we need to analyze the optimum location of a 
concrete landing pad for the trailer legs and a wheel 
stop location at the back of a trailer parking stall.
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Figure 1.15 Typical configurations of trailer landing legs and wheel stops.

Figure 1.15 illustrates the range of probable configurations that 
need to be accommodated. The top diagram shows a rig with its 
rear axle placed forward. The wheel stop should be around 12 feet 
from the back of the stall and the legs will land about 31 feet back 
from the wheel stop.

The middle diagram shows a rig with its rear axle moved back.  
This would represent a configuration legal in California with the 
maximum 40-foot KPRA distance. Here the wheel stop would be  
6 feet from the back of the stall and the legs would land 37 feet  
from the wheel stop.

The lower diagram shows a rig with its rear axle placed all the way 
back on the trailer. This is not the most common condition, but does 
occur in practice. In this situation, the wheel stop should be 1 foot  
in from the back of the stall and the legs would land 42 feet from  
the wheel stop.

The diagrams are aligned on the wheel stop location and illustrate 
that if all rigs were coordinated with the optimum wheel stop, a 
12-foot-wide concrete landing pad location for trailer legs would still 
be required to cover most configurations. Additional variations in 
landing leg locations also occur.

As there is little control over these variations, a single wheel stop 
location will see further variations in the landing leg locations of 
specific trucks. To accommodate this wide range of conditions, HPA 
would recommend starting the landing pad 40 feet in from the back 
of the stall and extending to 60 feet from the back of the stall as in 
the dock apron condition. The resulting 20-foot-wide landing strip 
would pick up all probable landing leg locations.

Alternatively, the entire yard could be paved with concrete.
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Dock Height
The vertical distance from the paving in the truck yard to the finish floor of the 
building at the dock door should equate to the distance from the pavement to 
the bed of the trailer. Truck docks are typically set at 48 inches above the yard 
pavement, but it is still worth noting how actual bed heights for different trailers 
and rigs vary. HPA has compiled information on the range of truck beds as  
they relate to dock heights. Note that the truckbed heights can vary by several 
inches, even for similar trucks, as noted in Table 1.2.

TABLE 1.2 Types of trailers and bed height ranges.

Type of Trailer Bed Height Range

City Box Truck 42 to 48 inches

Flatbed Truck 43 to 62 inches

Furniture Van 23 to 36 inches

Trucked Shipping Container 55 to 62 inches

Refrigerated Trailer 50 to 60 inches

Interstate Semi Rigs 45 to 55 inches

A dock leveler mechanism allows for the alignment of dock doors with a wide 
range of vertical trailer/truck bed heights. An inexpensive version, called an edge 
of dock leveler, is mounted to the face of the dock opening. These mechanisms' 
functional limitation is that they can only operate to about 5 inches above or below 
the finish floor surface. That means a range of bed height accommodation from 
43 inches to 53 inches. The geometry is also problematic for continued forklift 
use as the angle of the leveler will become steep as it approaches the maximum 
5-inch difference.

Pit levelers require a recessed box at the dock door but can accommodate bed 
heights from 38 inches to 60 inches with easy forklift ramp geometries. There are 
mechanical, hydraulic and air-pressure-powered dock levelers available. They 
come in many weight and duty service models and are the industry-standard 
approach to aligning dock doors with truck beds of varying heights.

The long-standing 48-inch standard dock height continues to be the recommended 
approach in most distribution/warehouse buildings.

Rail Service Rules of Thumb
While requirements for rail service are becoming less common, they do exist. 
If a site is adjacent to a rail line or spur, it makes sense to at least ensure that a 
building could accommodate future rail service. The exact layout of rail spurs 
depends on the rail provider. These companies have been around a long time 
and have very fixed specifications and approval procedures that are often as 
formidable as a local planning agency. Unless you are interested in learning things 
like what a ‘frog’ does on a rail line, an experienced rail engineer is required for 
any detailed design, and there will be a long approval process prior to any actual 
construction.

A good starting point, however, is to use the following rules of thumb for the track 
and door geometry:

• Minimum radius of track centerline curve ..............................500 feet.

• Minimum straight-line track between curves ..........................100 feet.

• Minimum straight-line track from curve to switch ...................100 feet.

• Rail door spacing .....................................................70 feet on center.

There will be situations where these numbers can be smaller, but they are 
dependent on who owns the property under the rail, who owns the rail itself, who 
is providing rail freight service and what kind of rail cars are being used. There are 
50-foot boxcars and 60-foot boxcars as well as car carriers, flatbeds, gondolas and 
several types of tankers. Until you are involved in the actual civil engineering on 
the site, just use the above rules of thumb and 90% of the issues will be covered.
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Figure 1.16 Rail doors and rail spur curving around a building. Figure 1.17 Boxcars servicing a building’s rail doors.

Figure 1.16 shows a 500-foot radius rail line curving around to service rail doors on the left side of the building. 

Figure 1.17 is a detail of boxcars servicing a building’s rail doors. The track centerline sits about 9 feet off the 
building wall and the doors are spaced at 70 feet on center. The grade difference from finish floor to rail is  
4 feet, about the same as for trucking. The bed height of rail cars varies like the bed height of trucks; like truck  
dock doors, some sort of leveler is needed on rail doors. Note that to achieve exit/ingress doors along a rail-served 
wall, the stairs between that finish-floor-to-rail grade difference need to be in the interior of the building.

Once upon a time, rail line easements and right of way could be used as side yards when determining allowed 
building areas and layouts. Almost all jurisdictions now treat any rail easement edge as a real property line 
condition and require an additional setback or fire lane as if a building could be built on the adjacent property.
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Recommended Primary Rules of Thumb for Site Planning
These rules focus on providing easy maneuvering for trucks to get from public roadways, through a building site and backed into the dock doors 
at the building itself. The following truck yard dimensions facilitate easy maneuvering in typical industrial buildings.

These numbers may vary slightly from exact distances derived using objective data and mathematical models. A variation between the derived 
number and the recommended number is usually a function of marketplace accommodation. These rules identify a range in some cases to cover 
regional market variations.

It is instructive to review the detailed truck maneuvering section above to understand the conditions that may warrant using different numbers.

Truck drive geometry should accommodate single-turn swings with a WB-67 tractor-trailer rig.

• Build drives 40 feet wide with a minimum 40-foot inside curb radius.

Face of dock to opposite end of truck yard dimensions that should accommodate the same WB-67 in a single swing onto and away from the 
dock door when a full rig is adjacent to it:

• Buildings above 80,000 square feet: 130 feet in most areas but up to 135 feet in some.

Distance between building dock faces in a shared truck yard that allows for the overlap of some maneuvering space:

• Buildings up to 200,000 square feet: 185 feet in most areas.

• Buildings above 200,000 square feet: 205 feet in most areas but down to 185 feet and up to 210 feet in some.

Size of trailer parking stalls that allow single turn in and out for 53-foot trailers:

• 10 feet by 55 feet.

• Allow a minimum of 65 feet of maneuvering space in front of the stalls.

Vertical dock height, truck yard to finish floor:

• 48 inches.

Minimum rail spur radius:

• 500 feet.

Typical rail door spacing:

• 70 feet on center.
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CHAPTER 2

Moving Materials Around Inside the Building: Column Grids  
and Clear Height
There are wide variations in configurations for 
specific industrial operations. Manufacturing 
operations and logistics operations are very 
different, even though they may both occur in a 
single building. The problem is not just limited to 
accommodating both manufacturing and logistics 
uses, though. Different operators within each type 
of use have widely varying functional requirements. 
The rules of thumb for the interior of an industrial 
building seek to balance flexibility and optimization.

Developers and architects also must balance 
functionality with construction costs. Wider column 
spacing means longer structural spans, which means 
higher structural costs. Other building systems, such 
as the Early Suppression Fast Response (ESFR) fire 
suppression sprinkler system, are interdependent 
on the structural system, and the cost of ESFR 
construction can vary with changes to the structural 
grid layout. The cost of foundational systems can 
vary significantly because they are dependent on 
local soil conditions. Since all the building systems 
are interdependent, using past cost data for a 
new project on a specific site is risky until some 
preliminary investigation has been completed.

While understanding that construction costs will vary 
depending on local conditions, it is nonetheless useful 
to identify the key criteria to optimize functionality for 
distribution and warehouse buildings. Luckily, there is 

a common starting point for most of these operations 
at the moment: a pallet (see Figure 2.1).

Logistics in the United States have been optimized 
around moving goods as palletized loads via trucks. 
This small platform, called a pallet, is about 4 feet 
square (often 42 inches by 48 inches) and 2 inches 
high. Usually made of wood, pallets can also be 
made from plastics. Pallets are simple platforms that 
hold materials so they can be lifted into selective 
racking systems and onto and off of trucks with 
forklift equipment. To keep things simple, this chapter 
does not address exact sizing, two-way vs. four-
way pallets, reversible pallets or all the other pallet 
nuances. If you want to know all there is to know 
about pallets, a good starting place is the National 
Wooden Pallet and Container Association and their 
publication, “Uniform Standard for Wood Pallets.”1

Pallets are in common use because they are a 
cheap, simple way to consolidate merchandise into 
larger assemblages that are easy to move via forklift 
equipment. If the merchandise is large, the pallet may 
hold only one or two pieces. More commonly, it holds 
several cases of smaller merchandise. Wine comes in 
cases of 12 bottles, beer comes in cases of four six-
packs, shoes come in cases of 12 pairs, t-shirts come 
in cases of 72 shirts. A pallet load is how many of 
these cases can be stacked on a 4-foot-square pallet, 
given a certain height and weight constraint. Figure 
2.2 shows a pallet load holding 32 cases.

Figure 2.1 A typical 4-foot-square pallet.

Figure 2.2 A 4-foot-square pallet holding 32 cases of goods.
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Historically, most logistics operations concentrated 
on moving goods from a point of manufacture to a 
set of distribution centers, and from there to physical 
stores. Moving pallet loads has been far more 
efficient than moving individual cases or items in this 
approach. But changes in retail are rippling through 
logistics operations, and there is now a greater focus 
on case and item movement. While most of the 
rules of thumb presented here relate to numbers 
derived from pallet-load systems, the chapter also 
flags instances where new e-commerce logistics 
operations tend to alter the rules. 

Amid all the different interactive design criteria that 
shape a distribution facility stands a basic question:

What column spacing will create the best  
balance between competing design criteria in a 
particular building?

In the case of a custom build-to-suit facility for 
a specific operation, the answer is simplified by 
obtaining specific criteria for that user. The most 
functional layout can be extrapolated from that 
particular user’s operational criteria. This functionally 
optimal layout can then be integrated with project 
cost estimates and adjusted as needed to balance 
construction costs with functionality.

However, almost all industrial buildings are 
developed with an eye to the overall industrial real 
estate market for leased space. This is even true 
of most build-to-suit projects. Industrial facilities 
have large open areas that are usually shaped 

like one big rectangle within four exterior walls to 
accommodate many different functional layouts. The 
column grid within this big open space needs to be 
equally accommodating. Manufacturing operations 
generally operate on a smaller scale than logistical 
operations, and the equipment and processes 
used in manufacturing can often accommodate 
an inconvenient column location. They also make 
up a smaller percentage of leased operations in a 
given regional real estate market. For these reasons, 
column grid layouts in spec buildings are usually 
designed with logistics operations in mind. In 
logistics operations, the rules of thumb for column 
spacing are derived from the unit of storage, the type 
of moving equipment used and the system in which 
units are stored.

Figure 2.3 One-level bulk storage on pallets.

Material Storage Systems
Bulk storage operations make up a significant 
percentage of tenants in most markets in all but the 
largest buildings. Bulk storage means loading goods 
on pallets and setting them on the floor or stacking 
them on top of each other (see Figure 2.3). These 
operations are simple, require little capital to set 
up and are very flexible. The disadvantage is that 
they use the volume available in taller clear-height 
buildings relatively inefficiently and are typically 
transport- and labor-intensive with goods spread 
over a wider area. Since there is no fixed racking 
system, the column grid is not a significant issue for 
a bulk storage operation. Storage blocks and aisles 
are easily configured to work with almost any set of 
column spacing dimensions. 
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Palletized racking systems are the primary approach 
to storing merchandise in today’s distribution facilities 
(see Figures 2.4 and 2.5). Pallet loads are picked 
up with forklift equipment and stacked on metal 
rack systems. These rack systems are designed for 
standard pallets. Each 8-foot-wide rack section holds 
two pallet loads per level. Pallet load heights vary 
widely, and the vertical spacing of the racks varies as 
well. Currently, the most common installed vertical 
spacing for rack systems in the U.S. is 72 inches, 
which would equate to a 64-inch pallet height.

There are many variations on palletized rack storage 
arrangements. There are flow racks, push-back 
racks, double-deep racks and other configurations. 
However, the large majority of systems installed in 
distribution centers are single-row selective racks.

Many e-commerce operations that ship direct to a 
purchaser do not want to deal with entire pallet loads. 
In those operations, the racking systems start to 
accommodate individual cases instead of pallet loads. 
They are smaller in footprint and have smaller vertical 
spacing. With smaller spatial increments, these 
systems are inherently more flexible and can usually 
be accommodated within the rules of thumb for 
pallet-load racking systems that are identified here.

By focusing on pallet loads, the most common units 
of storage, and the racking systems that hold them, 
we can then sort suitable column grid layouts by the 
type of material-handling equipment used to move 
goods around within a building.

The following list of material-handling equipment was 
used to derive functionally optimized column grid 
layout criteria:

• Standard aisle – SA (counterbalance lift trucks).

• Narrow aisle – NA (reach lift trucks).

• Very narrow aisle – VNA (order pickers, turret  
lift trucks).

Standard Aisle – Counterbalance Lift Truck 
Operations
Counterbalance lift trucks are the simplest, least-
expensive material-handling option (see Figure 2.6). 
They are propane or electrically powered, can 
be found in sit-down and stand-up models, and 
in three-wheel and four-wheel options. They are 
relatively fast but require a wide aisle and have 

Figure 2.4 Single loaded pallet and pallet rack. Figure 2.5 Palletized racking system showing loaded 
pallets placed within racks.

Figure 2.6 A counterbalance lift truck requires 12 feet 
of aisle in pallet rack systems and is limited to about 
22 feet of picking.
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limited lift heights. These are used in almost all 
bulk-storage operations where pallets or units are 
set on the slab or stacked on each other instead of 
on palletized racking systems. They also work well in 
shorter rack systems.

Narrow Aisle – Reach Lift Truck Operations
Reach lift trucks represent the most common 
material-handling equipment in most large-scale 
logistics facilities (see Figure 2.7). They are 
electrically powered and available in a wide range of 
configurations customizable to specific operations. 
These lift trucks were designed to operate in 
narrower aisles and at higher pick heights than 
counterbalance trucks. Because of that, they cost 
substantially more. They are optimized for palletized 
racking systems and are not often deployed in bulk 
storage operations where lower-cost counterbalance 
equipment works best.

Palletized racking systems used in conjunction with 
correctly configured reach lift trucks can efficiently 
operate in taller clear-height buildings. This 
equipment can easily lift above the 22-foot range 
of counterbalance lifts in buildings that are 28-foot 
to 32-foot clear. By adding extra height masts and 
larger battery packs, reach trucks can pick into the 
30-foot range and effectively operate in 36-foot to 
40-foot clear buildings.

In the standard configurations operating in 28-foot to 
32-foot clear buildings, this equipment can operate 
in an aisle as narrow as 102 inches (8.5 feet). In the 
enhanced lift truck configurations set up to operate 
in 36-foot to 40-foot clear buildings, this equipment 
is most efficient with aisles at least 118 inches wide.

Very Narrow Aisle – Turret Truck or Order Picker 
Operations

Very narrow truck lifts are available that can take 
maximum advantage of tall clear-height buildings 
and achieve product densities per square foot of 
leased facility higher than those in reach lift truck 
operations. This equipment represents another level 
of complexity and cost above the reach lift truck. 
There are several designs in this high-priced market: 
swing reach trucks, turret trucks, order pickers and 
other systems (see Figure 2.8). In this equipment, 
the operator typically rides up to the pick level 
instead of working from a floor-level view. These 
costly systems require higher precision and are 

often paired with wire guidance operation. The aisle 
widths required for this equipment are somewhat 
customizable within a manufacturer’s range but are 
much narrower than what a reach forklift requires. 
This equipment is seldom used in anything lower 
than a 36-foot clear building since a less expensive 
reach truck can effectively operate at lower heights.

Palletized racking systems in conjunction with 
correctly configured very narrow aisle (VNA) 
equipment can efficiently operate at 40-foot clear or 
taller buildings. Often the equipment is wire-guided 
and at least semi-automated. Sometimes these units 
operate a semi-automated system at higher speeds 
with a rail-guided connection at the roof.

Figure 2.7 A reach lift truck requires 8-foot, 6-inch to 
10-foot, 6-inch aisles in pallet rack systems, depending 
on picking height.

Figure 2.8 An order picker or turret lift truck requires 
4-foot, 6-inch to 6-foot, 6-inch aisles depending on the 
equipment, with picking heights of 50 feet possible.



RULES OF THUMB FOR DISTRIBUTION/WAREHOUSE FACILITIES DESIGN  |   SECOND EDITION

24

In the standard configurations operating in 36-foot to  
40-foot buildings, this equipment can operate in an aisle 
as narrow as 54 inches (4.5 feet). However, different 
systems vary considerably in their configurations 
and can require aisle widths up to 72 inches.

Column Grids
The following analysis assumes pallet loads as the 
unit of storage, single-row selective palletized racking 
as the storage system and three types of forklifts as 
material-handling equipment.

The aisle spacing required for the efficient operation 
of lift trucks in pallet rack systems provides a 
functional basis for determining optimal column 

spacing. The aisle, in fact, becomes the only variable 
in a common distribution rack layout. The rack 
itself accommodates a standard pallet and can 
be considered constant at 4 feet deep. Fire codes 
require a minimum of 6 inches of clear flue space 
between rack storage placed back to back. That only 
leaves variation in aisle width.

The clear dimensions between the faces of the pallet 
loads determine optimum column spacing. When 
a rack manufacturer designs their rack, they only 
measure the metal members. The pallets sitting on 
the rack extend past the horizontal supports a few 
inches. The dimensions shown in Figure 2.9 will 
likely be slightly different than the dimensions shown 
on a racking consultant’s drawings.

For any given aisle requirement, one can lay out 
a number of aisles and racks to determine the 
structural grid spacing where a column falls into 
the flue space on a set of back-to-back racks. The 
structural system can get expensive if spans become 
very large or very small, so it is important to balance 
this analysis with structural cost considerations.

The column spacing derived from aisle widths 
generally runs the long direction of the building, 
parallel to the exterior wall with the dock doors. 
Forklifts move in this orientation up and down the 
speed bay between the dock doors and the first 
column line and then make a right-angle turn to go 
up and down an aisle (see Figure 2.10). The column 
spacing perpendicular to the truck doors is not 

Figure 2.9 Aisle spacing variables. Figure 2.10 Column spacing between racks.
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Figure 2.11 Column spacing perpendicular and parallel to truck dock doors.

operationally critical as it doesn’t affect aisle spacing 
(see Figure 2.11). For column spacing perpendicular 
to the dock doors, HPA uses criteria based on 
structural cost and optimization of the ESFR fire 
sprinkler lines.

ESFR sprinkler heads have a very tight head-spacing 
criterion. The main sprinkler lines of this system run 
the long direction of the building, parallel to the dock 
doors. When the column spacing perpendicular 
to the dock door is set on a 10-foot module, the 
number of main sprinkler lines can be minimized.  
A typical structural bay is set in the direction parallel 
to the truck doors by optimizing aisle width spacing 
and, in the direction perpendicular to the truck 
doors, by optimizing ESFR sprinkler lines.

Now we can do the math to determine rules of 
thumb associated with the column spacing of 
the structural bay in the illustration. Using the 
different aisle width requirements of different forklift 
equipment in different clear-height buildings leads  
to different spacing options. 

Tables 2.1 to 2.5 calculate the minimum distances 
between column centerlines required to place a 
series of racks and aisles for different aisle widths 
associated with specific forklift equipment. The 
calculations account for the size of the columns that 
sit in the flue space of the racks.

The calculations in Table 2.1 relate to the 
counterbalanced forklift identified earlier. This 
equipment is used to service pallet racking with pick 
heights at 22 feet or lower and would typically be 
found in a building no higher than 28-foot clear.

TABLE 2.1 Rack spacing for counterbalanced forklift.

Inches Feet Two-aisle 
spacing

Three-aisle 
spacing

Four-aisle 
spacing

Aisle Width 144 in 12 ft 288 in 432 in 576 in

Flue 6 in 18 in 24 in 30 in

Pallet 48 in 192 in 288 in 384 in

498 in 744 in 990 in

Industry Norm 52' 41.5 ft 62 ft 82.5 ft

Counterbalance forklifts need an aisle at least 144 inches wide to be efficient in rack storage systems. The 
calculations in Table 2.1 show that a column spacing of 42 feet or 62 feet would be optimal for operating this 
configuration. But HPA would not use these numbers in a spec building because this use of counterbalance 
lifts and rack storage is relatively uncommon in the marketplace for larger buildings.
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More likely is an operation using reach forklifts (see Table 2.2). These forklifts are referred to as narrow-aisle 
(NA) equipment because they require less aisle width than the counterbalance forklifts.

TABLE 2.2 Rack spacing for narrow aisle (NA) reach forklifts.

Inches Feet Two-aisle 
spacing

Three-aisle 
spacing

Four-aisle 
spacing

Aisle Width 104 in 8.67 ft 208 in 312 in 416 in

Flue 6 in 18 in 24 in 30 in

Pallet 48 in 192 in 288 in 384 in

418 in 624 in 830 in

Industry Norm 52' 34.83 ft 52 ft 69.17 ft

Most reach forklifts can operate in an aisle 104 inches wide unless the pick elevation is getting high and special 
options are needed. In buildings 32-foot clear or lower, the combination of reach forklifts and 104-inch aisles is 
a common configuration. This reveals why the recommended column spacing in these buildings is 52 feet.

In taller clear-height buildings where the tenant is likely to use higher racks to take advantage of the additional 
vertical capacity, reach fork trucks need additional options to pick pallet loads at the top rack positions. They 
need extra-large battery systems and more robust mast assemblies. As a consequence, these high-pick reach 
forklift models require larger aisles to operate efficiently (see Table 2.3).

TABLE 2.3 Rack spacing for narrow aisle (NA) high-pick research forklifts.

Inches Feet Two-aisle 
spacing

Three-aisle 
spacing

Four-aisle 
spacing

Aisle Width 118 in 9.83 ft 236 in 354 in 472 in

Flue 6 in 18 in 24 in 30 in

Pallet 48 in 192 in 288 in 384 in

446 in 666 in 886 in

Industry Norm 56' 37.17 ft 55.5 ft 73.83 ft

These calculations show the 118-inch aisles required by most reach forklifts when they are picking to the top 
position in a 36-foot clear building. It is possible to push this to the top position in a 40-foot clear building in 
some configurations, but the reach forklift equipment will begin to exceed its effective operational limitations. 
This reveals why the recommended column spacing for a 36-foot to 40-foot clear building is 56 feet.
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There are a few reach forklift models available that offer pick heights that are needed for the 40-foot to 42-foot 
clear building range. These extended service forklifts require even wider aisles (see Table 2.4). Buildings at  
42-foot clear are just becoming possible under new widely accepted ESFR configurations.

TABLE 2.4 Rack spacing for narrow aisle (NA) extended-service forklifts.

Inches Feet Two-aisle 
spacing

Three-aisle 
spacing

Four-aisle 
spacing

Aisle Width 126 in 10.5 ft 252 in 378 in 504 in

Flue 6 in 18 in 24 in 30 in

Pallet 48 in 192 in 288 in 384 in

462 in 690 in 918 in

38.5 ft 57.5 ft 76.5 ft

To pick at the uppermost range of the extended reach fork truck lifts requires a 126-inch aisle. This reveals why 
the recommended column spacing in a 42-foot clear building is 58 feet.

Very narrow aisle forklift equipment is designed to pick effectively in very tall buildings (see Table 2.5).

TABLE 2.5 Rack spacing for very narrow aisle (VNA) forklifts.

Inches Feet Two-aisle 
spacing

Three-aisle 
spacing

Four-aisle 
spacing

VNA Aisle Larger Variation 70 in 5.83 ft 140 in 210 in 280 in

Flue 6 in 18 in 24 in 30 in

Pallet 48 in 192 in 288 in 384 in

350 in 522 in 694 in

29.17 ft 43.5 ft 57.83 ft

Inches Feet Two-aisle 
spacing

Three-aisle 
spacing

Four-aisle 
spacing

VNA Aisle Narrow Variation 56 in 4.67 ft 112 in 168 in 224 in

Flue 6 in 18 in 24 in 30 in

Pallet 48 in 192 in 288 in 384 in

322 in 480 in 638 in

26.83 ft 40 ft 53.17 ft
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These calculations show the common range in 
aisle width required for VNA equipment. Tenants 
using this equipment are not as common as tenants 
using NA equipment, and the recommendations 
in spec buildings are weighted to the reach forklift 
NA configurations. Notice, however, that the 
recommended 56-foot or 58-foot column spacing in 
36-foot to 42-foot clear buildings, which is derived 
from three-aisle NA equipment, matches up well to 
four-aisle configurations of VNA equipment.

The Speed Bay
The first structural bay next to the truck docks 
is called the speed bay. Typically, this area does 
not have any storage function. It is used to move 
material to and from trucks and the rack storage. 
Forklifts unload trucks and stage materials in the 
speedbay for transfer to specific places in the 
racking system. Forklifts also bring materials from 
locations in the racking system to the speedbay 
and stage them to be loaded into trucks. With all 
the traffic, this zone should be column-free and 
sufficiently deep to allow unloading and staging  
with cross-traffic movement behind.

The longest cost-efficient span using the currently 
preferred steel joist roof system is 60 feet, and that 
is HPA’s standard recommended speed bay depth. 
A 70-foot bay is only slightly more expensive, and 
some developers and users prefer the extra depth. 
As previously noted, there is a pervasive notion in  
the marketplace that bigger is better.

Building Clear Heights and ESFR
One of the primary differentiators in distribution 
buildings is clear height. The industry has 
standardized on a definition of the term “clear 
height” by agreement. NAIOP defines it this way:

Clear Height

Distance from the floor to the lowest hanging 
ceiling member or hanging objects, beams,  
joists or truss work descending down into a 
substantial portion of the industrial work area. 
This is the most important measure of the 
interior height of an industrial building because 
it defines the minimum height of usable space 
within the structure.2 

In practice, the substantial industrial work area 
measurement used to define clear height begins  
6 inches inside the first column grid at the back of 
the speed bay.

The speed bay isn’t typically used for racked storage 
and doesn’t use the space vertically, so the definition 
excludes that area. The definition starts 6 inches in 
from the column line so that it avoids the bottom of 
the roof truss on that line. The roof usually slopes up 
from the outside walls to the center of the building 
footprint, and the roof trusses are about 4 feet to 
5 feet deep. This means that the second column 
line in from the outside dock wall will be the critical 
determinant of “clear height.” The actual usable 
height varies with the slope of the roof and the 
location of the deepest structural members. The 
clear height metric represents a minimum.

Why is clear height a critical metric? One reason 
is that it determines the volumetric capacity of the 
building. For bulk-storage use, it is not important; the 
building area is the only useful metric for capacity. 
But for racked storage, the predominant distribution 
configuration, the vertical dimension is equally 
important. Another reason is that racked storage 
arrangements are regulated by the fire code under a 
section called “high-piled storage.” These regulations 
create a metric to identify maximum cost-efficient 
ceiling heights. On most distribution buildings, 

ceiling height is equivalent to the underside of the 
roof deck, which is directly related to a building’s 
clear height.

Building clear height is a measure of the number 
of rack levels a building can contain and also a 
measure of how it can meet the fire code for high-
piled storage using an ESFR fire suppression system. 
Almost all distribution buildings today use ESFR 
systems in their design and construction. These 
systems allow a wide range of commodity types to 
be stored in rack storage configurations without 
requiring that fire sprinkler lines drop down into the 
storage racks. 

In the recent past, ESFR systems have been limited 
to maximum ceiling heights (effectively roof deck 
heights) of 45 feet with a maximum storage height 
of 40 feet. That arrangement has led to today’s 
standard 36-foot clear configuration, (and 40-foot 
clear with special roof designs). The National Fire 
Protection Association (NFPA) is the accepted code 
authority across the U.S. regarding sprinkler systems 
like ESFR. A couple of years ago, they included 
an approved system for a 48-foot deck height and 
43-foot top of storage in the NFPA code. However, 
it came with a restriction of 8-foot minimum aisle 
width. There are two primary private organizations 
involved with testing and certifying fire protection 
sprinkler systems: Underwriter Laboratories (UL) 
and FM Global. The 48-foot deck height ESFR 
configuration mentioned above was a UL certified 
system but was not recognized by FM Global.

Recently a new set of tests with heads by Viking 
resulted in FM-approved arrangements for both a 
50-foot and 55-foot maximum deck height. The 50-
foot deck height arrangement has a 6-foot minimum 
aisle requirement, and the 55-foot deck height has 
an 8-foot minimum aisle restriction. A UL approval 
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was also recently granted for a system using heads manufactured by Tyco with a 48-foot deck height that allows 
aisles as narrow as 5 feet. An earlier section noted how VNA forklift equipment uses aisles less than 8 feet 
wide. Aside from the brand-new UL-listed configuration for 48-foot deck height using Tyco ESFR heads, racking 
configurations that are compatible with most VNA equipment cannot currently be used in anything with a deck 
height above 45 feet without in-rack sprinklers. A limited selection of VNA equipment can be used in 6-foot 
minimum aisles in buildings with 50-foot deck heights.

A range of different ESFR configurations approved by different codes and testing bodies are available 
for building design today. From a practical point of view, distinctions between UL- or FM-approved ESFR 
configurations may not matter when the fire-suppression contractor applies for permitting. Local jurisdictions 
will typically approve configurations that are formally approved by UL or FM even if they haven’t been adopted 
into the NFPA yet.

Table 2.6 lists the current range of system configurations likely to be approved by most local jurisdictions. 
Developers can now build ESFR-serviced buildings with deck heights up to 55 feet that store up to 50 feet high 
if the aisles are wide enough.

TABLE 2.6 Current range of system configurations likely to be approved by local jurisdictions. 

ESFR Design Configurations

Max Deck Height Max Storage Height Typ. Clear Height Approved By Aisle Restrictions

35' 30' 30' NFPA, FM NA

40' 35' 32'-36' NFPA, FM NA

45' 40' 36'-40' NFPA, FM NA

48' 43' 42' NFPA, UL 8'

48' 43' 42' UL (Tyco) 5'

48' 43' 42' FM (Viking) 6'

50' 45' 44' FM (Viking) 6'

55' 50' 49' FM (Viking) 8'

These are current as of 1/3/20. 
Each approval is for specific head designs, pressure ratings and number of heads. 
Commodities allowed are consistent across these approved configurations. 
Types of racking allowed are consistent across these approved configurations.
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Using Heights Efficiently
Figure 2.12 illustrates the usual rack storage 
arrangements in relation to the ESFR requirements 
and clear height. Going from 32-foot clear to 36-foot 
clear provides significant advantages for increasing 
storage capacity with most rack configurations. 
Going from 36-foot to 40-foot clear provides a less 
compelling set of advantages but would still make 
sense for some users. A 40-foot clear building can 
be designed with a 45-foot deck height, but that 
requires special roof designs that add cost.

The advantages of going from 36-foot clear to  
42-foot clear can be seen in the green shaded pallet 
layers. Going from 36-foot to 40-foot provides one 
extra pallet layer for the 72-inch pallet arrangement. 
Going to 42-foot clear also adds an extra layer for  
the 64-inch and 56-inch pallet arrangements.  
There are also many users today that can flexibly 
configure pallet or case racking to take advantage 
of any incremental increase in clear height. There 
appears to be little advantage in a 45-foot clear 
condition for a pure pallet rack operation. The next 
level that provides a significant advantage would be 
the 50-foot clear condition.

Keep in mind the earlier discussion on forklift 
equipment and column spacing. The type of forklift 
equipment used by a tenant relates to the height of 
the storage racks they use. Most tenants use rack 
systems that fit within a 36-foot clear building and 
service them with NA reach forklifts. They have aisles 
larger than 8 feet. Some tenants use VNA equipment 
that requires aisles less than 8 feet. As the building 
climbs above 45-foot deck height, which equates 
to 36-foot clear, many ESFR configurations do not 
allow the narrower aisles. When contemplating deck 
heights over 45 feet, be cognizant of the resulting 
limitations on tenant use.

Figure 2.12 Usual rack storage arrangement in relation to ESFR.
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Putting these interior rules of thumb together, the 
resulting building starts to resemble Figure 2.13.

The column bay spacing is dependent on the planned 
type of forklift equipment and pallet racking system. 
The selection of forklift equipment is generally 
determined by clear height. This illustration depicts  
a 36-foot clear building that will most likely have 
single selective pallet racks that are serviced by  
high pick level NA reach forklifts.

You can find the dimensions recommended for  
other clear heights and forklift equipment in the  
rules of thumb summary section.

Dock Door Spacing
The total number of dock doors on a building is  
an important metric in the industrial real estate 
leasing market. Developers strive to maximize the 
number of dock doors on a building. In addition to 
the site-planning criteria of the previous chapter, 
interior functionality and construction criteria also 
affect optimal dock door spacing.

The previous illustration shows truckloads being 
assembled in the speed bay. The process of 
transferring material to and from trucks and racks 
centers on staging a full truckload in the speed  
bay area as a truck is unloaded, or conversely, as  
it is loaded. Reach forklift equipment moves pallets 
between this staged load and the racks while 
counterbalanced equipment moves pallets  
between the staged load and the truck. This  
means a truck-loading operation is most efficient 
when it has an area adjacent to the truck door  
that can be used to stage a load. Figure 2.13 A layout using the combined interior rules of thumb.

But if the dock doors are spaced far enough apart 
to reserve that amount of staging space at each 
door, the dock door count is not maximized. The 
typical case is that the staging area for an active door 
extends into space adjacent to a neighboring inactive 
door so that there is no loss of total door positions.

To determine a rule of thumb for spacing dock doors, 
we need to examine several variables. Minimum 
dock door spacing is a balance between truck 

maneuvering, the width of the panel leg wall between 
doors and structural costs. Wall construction is 
a significant component of structural cost in an 
industrial building. Concrete tilt-up construction is 
the most common way to build a large industrial 
building today. The exterior walls are made of large 
concrete panels that are cast flat on top of the floor 
slab and picked up by a large crane that “tilts” up 
the panels to form a wall. 
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Figure 2.14 shows a concrete tilt-up panel facing the 
truck dock area.

Arraying dock doors along one of these walls means 
creating a sequence of openings in the panels for 
doors, with a piece of wall for structural support 
between each door that are commonly called “legs.” 
Panel legs that are 2 feet wide are economical 
to construct, but panel legs less than 2 feet wide 
start to cost more. Standard dock doors are 9 feet 
wide; as they are placed along a wall, the minimum 
leg condition will occur at the joint between two 
tilt-up concrete panels. If each panel leg is set 
at 2 feet wide, that equates to a 4-foot spacing 
between doors. This 4-foot spacing is based on the 
structurally optimal width of the concrete tilt-up 
panel leg. This combined panel leg width between 
doors creates a door spacing of 13 feet on center.

That same 13-feet-on-center door spacing works well 
for truck maneuvering, as discussed in Chapter 1. 
While wider door spacing can be structurally sound, 
it results in fewer overall truck doors. Narrower door 
spacing would require a larger truck turn radius and 
result in higher structural costs. Making every other 
door active allows a staging area for truck loading 
and unloading. This balancing act results in the rule 
of thumb to space dock doors at 13 feet on center.

Figure 2.14 Concrete tilt-up panel facing truck dock area.
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Recommended Primary Rules of Thumb for Column Grids and Clear Height
Clear heights in most markets follow building size considerations. This can vary according to how the market participates in regional 
distribution networks. In smaller, more local markets, lower clear heights may suffice. Construction cost can become a big issue on smaller 
buildings, so while some developers adhere to 32-foot clear as a minimum, there is more latitude for a lower clear height if cost savings are 
paramount. HPA’s recommended ranges for most markets are:

• Buildings below 50,000 square feet can be 28-foot clear.

• Buildings between 50,000 square feet and 80,000 sf can be 30-foot clear.

• Buildings between 80,000 and 150,000 square feet should be 32-foot clear.

• Buildings between 150,000 and 500,000 square feet should be 36-foot clear.

• Buildings above 500,000 square feet (and cross-docked buildings) should be 40-foot or 42-foot clear.

Space columns in the long direction of the building (parallel to the dock doors) according to criteria developed from pallet racking systems 
and material-handling lift trucks.

• For 32-foot clear or lower, use 52-foot bays.

• For higher than 32-foot clear, up to 40-foot clear, use 56-foot bays.

• For 42-foot clear and higher, use 58-foot bays.

Space columns in the short direction of the building (perpendicular to the dock doors) according to criteria for ESFR head spacing, which is 
optimized in 10-foot increments.

• Use even multiples of 10 feet in 40-foot, 50-foot or 60-foot bays.

Space the first bay immediately along the dock doors according to criteria for staging truck loads and facilitating lift traffic to rack aisles.

• Use a 60-foot speed bay.

• Buildings up to 36-foot clear have 45-foot maximum deck heights and offer wide flexibility for tenant NA and VNA equipment configurations.

Two new ESFR systems, a UL-listed system using Tyco heads with 48-foot deck heights and an FM-listed system using Viking heads with  
50-foot deck heights, provide similar flexibility in a configuration with clear heights between 42 feet and 44 feet. The UL system with a  
48-foot deck allows 5-foot-minimum aisles, while the FM listing with a 50-foot deck is limited to 6-foot-minimum aisles. Currently, other 
ESFR systems with deck heights from 50 feet to 55 feet do not allow aisles less than 8 feet wide.
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This chapter discusses the rules of thumb for 
designing the actual construction systems of a 
building. The two most important are the floor,  
which is a slab on grade, and the roof. In distribution 
facilities, construction is all about the sky above  
and the earth below.

Concrete Slab on Grade
Slab design is in some ways like baking. In baking, 
there are several essential ingredients that are 
common to most recipes, but the nuances of their 
proportion and the techniques of mixing and cooking 
can vary from region to region and baker to baker. 
Some recipes also contain a “secret” ingredient that 
is unique to a baker. Slab design is similar, and no 
slab recipe can be easily deemed wrong or right.

For these rules of thumb, we will identify the basic 
ingredients in slab design and explain HPA’s 
approach to mixing them together. This approach is 
informed by the firm’s location in the western U.S., 
but it exports well to other areas. This chapter also 
examines a few “secret” ingredients that others use 
in alternative recipes.

At the surface of the slab is what is typically called 
the finish. It describes how a slab has been worked 
as it has cured and if any sealers have been applied. 
Going down from that is the slab itself, composed 
of concrete and sometimes steel reinforcement. 

CHAPTER 3

Building the Building: Slabs and Roofs
The slab sits upon a prepared sub-grade. It may be 
separated from that sub-grade by a vapor barrier 
plastic sheet. The sub-grade can have several layers 
of sand, gravel, rock, recompacted soil and natural 
soil (see Figure 3.1).

Sub-grades vary widely by region and even by 
specific site. They are specified by a soil engineer 
after samples and soil cores on the site are analyzed. 
A soil engineer will need to determine if a high water 
table requires that a vapor barrier be placed over 
the subgrade. If the soils are highly expansive, the 
soil engineer may also identify the need for a slab 
reinforcement, as discussed later in this section. 

A slab on grade transfers load directly into the 
sub-grade and soil below. A good slab is dependent 

on a good sub-grade. The soil engineer’s geo-tech 
report will specify criteria for working the subgrade. 
It is important to follow their criteria, but they may 
not always go far enough. The industry standard 
compaction rate for recompacting soils under 
the floor slab during grading is 90% of optimum, 
but HPA believes it is an excellent investment to 
compact to 95% of optimum.

There is a go-to technical reference for concrete 
slabs: The American Concrete Institute (ACI) 
publications. For a detailed discussion oriented to 
structural engineers, refer to ACI publications on 
slabs, 302.1R-15, 360R-10, and other publications 
about reinforced concrete in general, like SP-17(4).3 
This chapter provides a brief overview of the 
concepts addressed in these publications for readers 
who are not structural engineers. Check the ACI 
documents for extended discussions and details.

Cracking in Concrete Slabs
A slab on grade is not technically a structural slab. 
It does not span any distance; it transmits forces 
vertically into the ground below it. Small cracks do 
not change a slab’s transfer capacity and are not 
a structural issue. But they are an issue for small-
wheeled forklift equipment rolling over them at 
speed. Under heavy use, small cracks chip and spall 
and become a problem for the smooth operation of 
forklift equipment. 

Figure 3.1 Slab and subgrade components.
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Concrete is a result of a chemical reaction process 
called hydration: cement + water + filler = concrete. 
To get just a bit more technical, using a Portland 
Cement example, it is calcium silicate + water + 
filler = calcium hydroxide + filler + heat. The filler 
is a mixture of sand and aggregate. As the calcium 
silicate transforms to hydroxide and the heat 
dissipates, the volume of the concrete mass shrinks. 
Concrete cracks when it shrinks.

ACI has useful definitions for three types of slabs  
on grade in relation to cracking, (they prefer to use 
the term “slabs-on-ground”):

1. Unreinforced concrete slabs.

2. Slabs reinforced to limit crack widths.

3. Slabs reinforced to prevent cracking.

Regardless of the recipe and which ACI category  
it follows, a slab will crack. The classification is 
oriented around how the particular recipe attempts 
to mitigate the cracking. It is also important to note 
that when ACI says “unreinforced,” it really means 
“relatively unreinforced.” The “unreinforced” label 
applies to most slab-on-grade recipes, as reinforcing 
in slabs is usually minor.

Using ACI Approach 1: Relatively Unreinforced 
Concrete Slabs as Defined by ACI
More cracks form the faster concrete cures. It is 
best for the concrete to cure as slowly as possible to 
eliminate the small hairline cracks that come with a 
fast cure. HPA specifies a “wet” cure for slabs, which 
entails covering them with a material and keeping 
it wet to slow evaporation. This takes time, and in 
construction, time equals money. Some developers 
choose to take the savings of time and/or money 
associated with chemical-based curing applications 
to speed up the process. This does not necessarily 
result in a lot of cracks, but it does increase the 

probability of increased hairline cracking compared 
with our preferred wet cure approach. 

A primary strategy to mitigate cracking in unreinforced 
slabs is to make a specific place for cracks to form 
and treat them in a way that reduces associated 
issues. This can be achieved through the use of 
sawcut control joints. The most recent (2016) ACI 
recommendation on sawcut control joint spacing in 
unreinforced concrete slabs, described in Figure 3.2, 
is taken from ACI 360R-10. 

Figure 3.2 indicates that maximum joint spacing for 
low shrinkage concrete is:

• 16 feet, 8 inches for a 6-inch-thick slab.

• 18 feet, 8 inches for a 7-inch-thick slab.

• 20 feet, 8 inches for an 8-inch-thick slab.

• 22 feet for a 9-inch-thick slab.

• 23 feet, 8 inches for a 10-inch-thick slab.

Figure 3.2 ACI recommended joint spacing on unreinforced slabs.

Source: “360R-10 Guide to Design of Slabs on Ground,” American Concrete Institute, 2016.
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HPA’s slab-on-grade recipes specify mixes that 
would follow the upper low-shrinkage concrete curve 
and equate to the range of 4,000 pounds per square 
inch (psi). But if a little more water is added to the 
mix at any point, the shrinkage factor rises quickly. 
Experience tells us to be cautious about exceeding 
the recommended spacing on the low shrinkage 
concrete curve.

Figure 3.3 is a sketch of a piece of floor slab defined 
by a structural bay that is 50 feet by 52 feet with a 
thickness of 6 inches. This would represent a typical 
32-foot clear building configuration, although some 
developers might use a 7-inch slab.

It shows three sawcut joints in each direction within 
the column lines of the structural bay. In the 50-foot 
direction, that means a spacing of 12 feet, 6 inches; 
in the 52-foot direction, that’s a spacing of 13 feet.

That spacing is well below the ACI recommendations. 
HPA prefers this approach because it can eliminate 
stray cracks, not just minimize them. However, there 
are alternatives on this structural bay size. If two 
control joints are used instead of three, the spacing 
in the 50-foot direction is 16 feet, 8 inches and  
17 feet, 4 inches in the 52-foot direction, which 
exceeds the ACI recommendation.

Technically the ACI curve would allow for two control 
joints in the 50-foot direction, which would produce 
a safe spacing of 16 feet, 8 inches. But this would 
require three joints in the 52-foot direction to stay 
within the recommended spacing. That would mean 
described rectangles of 13 feet by 16 feet, 8 inches. 
This is problematic as ACI also cautions against 
getting away from square shapes in the control joint 
pattern, which can create unequal strain forces in 

the slab. For that reason, rectangles are uncommon 
in the field. Three sawcut joints in each direction, as 
in the first example, are the norm.

When the building gets taller, as noted in  
Chapter 2, the structural bay gets bigger, and 
will usually call for a thicker slab. The increased 
thickness is not really for load-carrying capacity, it 
is for uplift forces that are induced by earthquakes 
when racks are attached to the slab. For a structural 
bay of 60 feet by 56 feet on an 8-inch-thick slab, 
HPA would require three joints each way for a  
14-foot spacing along the 56-foot dimension, and  
15 feet along the 60-foot dimension.

Figure 3.3 A section of a 6-inch floor slab from a 50-foot by 52-foot structural bay.

To reduce the number of joints, some experienced 
developers have decided to accept the greater 
possibility of stray cracks when going with a spacing 
above the ACI recommendations. In a regular slab, 
HPA would continue to recommend the ACI spacing 
guide, but the firm has had good results with slightly 
enlarged spacing on some projects. The other 
ingredients in the recipe become more important 
as joint spacing is increased, and HPA would not 
recommend deviating on any other factors if the 
spacing is increased above ACI recommendations. 
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All these saw cuts into the surface of the slab tell  
the concrete where it should crack as it shrinks  
(see Figure 3.4).

Concrete starts shrinking quickly, and these cuts 
need to be made immediately after the finishers 
move off the slab — within minutes of the pour, not 
hours. The saw cuts a slot about 1/8 of an inch wide. 
The weak line created by the sawcut is where the 
slab cracks as it shrinks. The sawcut joints isolate 
the cracks from the traffic surface of the slab. While 
the clean-edged narrow slot of the sawcut will be 
less susceptible to erosion than a jagged crack, 
HPA goes one step further and fills the sawcut 
slot with a hard epoxy material such as Metzger/
McGuire MM-80. This filler provides a surface that 
is on par with the hardness of the slab and binds 

tightly to the concrete, reducing spalling and wear. 
HPA recommends waiting as long as possible after 
the slab pour to apply the epoxy filler. Concrete 
continues to shrink for a long time, and the filler 
can hold so tight that a crack alongside the sawcut 
can form if the filler is applied too early. The best 
situation is to let the concrete shrink until just prior 
to tenant rack installation, before locking the surface 
back together at the saw cuts.

In addition to classifying different types of slabs 
in relation to cracking, ACI also classifies slabs in 
relation to their intended use. Table 2.1 in the ACI 
302.1R-15 publication shows the characteristics of 
nine different classes of slabs on grade, identified 
according to number of courses (layered pours), 
type of traffic, use, special considerations and final 

finish.4 Only a small segment of that data is relevant 
for industrial buildings. Classes 1 through 4 are 
lightweight and not recommended for warehouse 
and distribution facilities. Class 5 is the go-to 
specification for most industrial buildings. Class 6 
is overkill for most operations; it describes a more 
heavy-duty floor that has special hardener surfacing. 
Class 7 and 8 are two pour systems that facilitate a 
special top finish like the hardeners of Class 6. Class 
9 is for operations requiring “super flat” floor criteria. 
Generally, for-lease inventory buildings require slabs 
complying with ACI Class 5 that have a concrete mix 
associated with at least 3,500 psi.

Reinforcing in Concrete Slabs
Most slabs that are casually described as being 
reinforced would actually be categorized by ACI as 
“unreinforced.” That is because the ACI definition 
of reinforcement requires that reinforcement of a 
slab be sufficient to work against the strain forces of 
shrinkage. Most slab reinforcement is not designed 
for this, and instead aims to achieve two other 
objectives. The first is to give the slab the ability to 
withstand forces from soil pushing upward, in those 
situations where expansive soils are present. The 
second is to withstand uplift from rack installations.

When pallet storage racks are installed, they are 
required to support themselves from lateral forces 
that might tip them over, like earthquakes. To 
counteract this tipping action, the rack installation 
shoots bolts into the slab to keep the racks from 
lifting up. Reinforcement may be required to 
withstand this uplift in taller installations. This is also 
a primary reason for specifying thicker slabs in taller 
buildings. HPA recommends reinforcement for rack 
installation uplift forces in buildings 32-foot clear or 
above. Table 3.1 (page 38) is HPA’s recommendation 
for slab thickness based on clear height.Figure 3.4 A sketch of a typical sawcut joint.
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TABLE 3.1 Recommended floor slab thickness based on clear height.

Clear Height Slab Thickness Reinforcement

Up to 32 feet 6 inches optional

32 feet to 40 feet 7 inches to 8 inches recommended

Above 40 feet 9 inches to 10 inches recommended

Source: HPA, Inc.

It is important to eliminate any vertical movement at slab control joints. Dowel basket and diamond plate 
reinforcement assemblies are designed to hold the slabs on either side of a joint in vertical alignment while 
allowing horizontal movement related to shrinkage. ACI slab publications provide detailed recommendations for 
designing this kind of reinforcement. HPA recommends using dowels or plates and the reinforcing baskets that 
support them in all slabs (see Figure 3.5).

To summarize, HPA’s recommended slab recipe starts with subgrade preparation that follows the soils 
engineer’s specifications. Although the soils report may ask for placing subgrade materials at 90% compaction 
rates, HPA typically asks for re-compacting of the subgrade layers to 95% of optimum. The use of a vapor 

Figure 3.5 A structural diagram of a set of slab dowels.

barrier is a project-by-project call, but we mostly ask 
for a sturdy one at 30-millimeter thickness. HPA has 
found that 15-millimeter-thick membranes are too 
easily punctured.

HPA’s opinion is that a wet cure of several days 
provides the best chances for a crack-free slab. The 
firm specifies control joints in accordance with ACI 
recommendations and adding dowels and baskets 
according to ACI recommendations at these joints. 
HPA's mix design is performance-based, producing 
about 4,000 psi in tests. We recommend a joint filler 
like Metzger/McGuire MM-80 at all control joints. 
After all that careful design, cranes or concrete trucks 
should not be allowed on the slab during construction.

This recipe results in a slab that has a good finish 
with few cracks and is economical to construct.  
ACI considers this a Type 1 unreinforced concrete 
slab and a Class 5 slab in relation to its use. While 
this is HPA’s most common slab recipe, there are 
other approaches to slabs, and HPA uses them in 
certain circumstances.

Using ACI Approach 2: Reinforcement to Reduce 
Crack Width
This strategy starts to move away from allowing the 
concrete to shrink according to its natural reactions 
by using reinforcing steel to act against strain forces. 
This involves more reinforcing steel bars than what 
would typically be used to account for expansive soils 
or uplift from rack supports. Additional reinforcing 
bars are introduced to hold against the shrinkage 
force to prevent cracks from opening up. In some 
ways, this is the opposite approach to facilitating 
cracks at the control joints that are large enough 
to eliminate strain. The increased use of steel 
reinforcement means an increase in construction cost 
for this approach over HPA’s recommended recipe. 
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Demand for slabs with fewer joints is growing. They 
represent a construction cost and can become a 
maintenance issue. The steel bar reinforcement 
approach increases reinforcement costs but seeks 
to reduce costs associated with saw cutting and filler 
epoxy. In projects where HPA has used this approach 
to reduce the sawcut joints, there have been a larger 
number of fine hairline cracks, but they usually hold 
tight and produce an acceptable general-purpose floor. 
HPA is working with one developer and a special slab 
consultant to perfect a recipe that requires joints only 
on the column lines, uses significant reinforcement 
in between column lines to resist major cracking 
and uses steel fibers to minimize hairline cracks as 
described in the next section.

Using ACI Approach 3: Reinforcement to 
Eliminate Cracks
Concrete will crack, no matter what. This section 
title seems at odds with that statement. It would be 
clearer if ACI said these types of strategies minimize 
cracks. Slabs using these strategies are generally 
more expensive than the recipes discussed earlier, 
but they can be successful in reducing cracking in 
the slab.

One of the secret ingredients in this type of slab 
is a chemical additive that mitigates the natural 
shrinkage inherent in concrete reactions. These 
additives create “shrinkage compensating” concrete. 
They add cost but are generally successful at 
reducing the amount of shrinkage. They all come in 
specific proprietary packages.

Sometimes a shrinkage-compensating mix is coupled 
with small fiber reinforcement. This reinforcement 
can consist of metal fibers or synthetic fibers like 
those mentioned above. In either case, these fibers 
are introduced to provide enough binding force to 
keep hairline cracks from forming. These fibers are 

not meant to counteract a slab’s overall shrinking 
forces. They are instead designed to withstand the 
very local forces that can create hairline cracks.

This approach counteracts a slab’s overall shrinkage 
using a shrinkage compensating mix, combined 
with a steel reinforcement system that is designed  
to reduce crack width (as in ACI Approach 2,  
page 38). All of these puzzle pieces are designed 
to work together. The resulting complexity of this 
approach lends itself to proprietary systems. 
Kalman Floors has installed variations of this 
system since before HPA was founded in the 
1980s. More recently, the Ductilcrete system has 
become a common method to produce slabs with 
reduced numbers of control joints. Some consulting 
companies specialize in the specification and design 
of these types of slabs.

HPA has seen mixed success with these special 
ingredient recipes. Some projects that used these 
recipes produced very nice slabs and reduced 
joints, and some had various kinds of performance 
problems. The allure of floors with fewer joints is 
strong, and these systems continue to improve and 
become more numerous in the marketplace.

There is another approach to reducing the number 
of joints: post-tensioned slabs. These introduce a 
weave of steel cables into the slab. The cables are 
tightened as the slab shrinks, which compresses 
any cracks as they try to form. The overall slab 

dimensions shrink, but few cracks form. Generally, 
this is an expensive strategy to eliminate cracks, 
and it also creates obstacles to future tenant 
improvements, as new cores and trenches that 
are put into the slab must avoid the embedded 
tensioned cables.

Sloping Floor Slabs
This section is not a discussion on sloping floors to 
drain water like in a shower or a big wet process 
area. It is about reconciling floor design with the fact 
that the earth is not flat, and about the difference 
between floor flatness and slope. This section will 
attempt to clarify the confusion that exists in calling  
a slab “flat” or sloped.

Figure 3.6 is an accurately scaled depiction of a 
building sloped at 0.5%. Just as in this illustration, 
real buildings sloped at 0.5% do not look or perform 
like they are sloped at all. That red square in the 
lower right is the difference in elevation between a 
sloped building and a “flat” one.

It has become a standard practice to add a slope to 
large-scale distribution buildings, and the industry-
standard slope is 0.5%. There are no sites out there 
that are truly “flat.” Sloping the building facilitates 
connections with municipal street and utility 
infrastructure and reduces grading costs. Typically, a 
slope is created across the length of a building, but 
there are some instances when a slope is applied 

Figure 3.6 A building sloped at .5%.
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in the width. Cost savings for a sloped building vs. 
a “flat” building can be more than $1 million for a 
large facility or a particularly steep site.

This is not a new approach, but as buildings have 
gotten larger, adding a slope to them has become 
more common. A typical large-scale building today 
might contain about a million square feet and 
measure 600 feet wide by more than 1,600 feet 
long. The street in front of a typical building usually 
slopes at 2%. That existing slope creates differential 
street elevation from one end of the site to the 
other that might amount 20 to 30 feet. You may not 
even perceive it because of the scale, but one end 
of the site can be 30 feet higher than the other. If 
the building is sloped in the same direction as the 
street at the accepted standard of 0.5%, it means a 
differential elevation in the building itself from one 
end to the other of about eight feet. 

Eight feet difference from one side of a building to 
the other sounds severe, but 1,600 feet is a long 
distance. When HPA first started designing slope 
into buildings in the 1980s, the firm was faced 
with accounting for the slope in all the pieces of 
construction. It was necessary to figure out how to 
accommodate it in the door openings, in the glazing 
systems, in the utility runs and in the roof slopes. 
However, the world is not flat, and a building that 
slopes works as well as one that is “flat.” Actually, 
at this scale, it works better. Now HPA simply 
makes sure to communicate the slope accurately 
as it relates to the floor slab elevations and the roof 
elevations, and everything else takes care of itself. 
Nobody who is building or using the facility can 
tell that it is not perfectly horizontal without taking 
precise measurements. Put a ball bearing on the 
floor, and it will not move.

All of this discussion so far has nothing to do with 
what people in the industry generally mean when 
they talk about a floor’s “flatness.” They usually 
mean a set of measurements invented by Sam 
Face, an influential designer who developed many 
advances in concrete flooring. FF measurements 
stand for “floor flatness” and FL measurements 
stand for “floor levelness.” This raises the question: 
“But what about the specifications for FF and 
FL numbers? Don’t they measure flatness and 
levelness?” Yes, they do, but on a very localized 
scale. Face developed an entirely new approach to 
specifying and measuring the planar surface of floor 
slabs a few decades ago. This approach disrupted 
the entire industry and created the system of 
specification, construction and testing that is in use 
for today’s warehouse floor slabs.

This system revolves around the familiar floor 
flatness, floor levelness, floor flatness local and floor 
flatness minimum numbers in use today to specify 
and test floor slabs. While familiar, these numbers 
are generally not well understood by most people in 
the industry. There are many resources available that 
attempt to make these numbers easier to understand 
for those of us without doctoral degrees in statistics 
and mathematics. This chapter discusses some 
highlights but does not get into the details of 
calculating FF and FL numbers.

The F-number specifications establish standards 
for the degree to which a constructed slab surface 
approaches a smooth geometric plane. They capture 
a precise measurement of the surface deformations 
in small local areas and translate this measurement 
through math and statistical analysis into single 
measurements for an entire floor slab. Today that 
may mean a slab over a million square feet in area.

George Garber of ASTM International wrote an 
article in 2009 on the history of the leapfrogging 
technology of the slab construction world in 
the 1980s. His article describes F-number 
specifications as one leg of a tripod of systems that 
transformed the floor slab industry. The other two 
legs are the laser screed, which was invented in 
1985, and the ride-on power trowel that came into 
use about the same time. The F-numbers provide 
a measurable metric, and the laser screed and 
ride-on trowel provide construction technology that 
allows contractors to build to that metric with ever-
increasing productivity. Garber describes the metric 
currently in standard use this way:5

At the heart of the new method lay a pair of 
numbers called Face floor profile numbers, or 
F-numbers for short. The flatness number, FF, 
measures flatness or planarity — the degree to 
which a surface approaches a geometric plane. 
The plane is not necessarily horizontal. The 
levelness number, FL, measures levelness — 
the degree to which a surface approaches the 
horizontal. FF is based on readings of vertical 
curvature measured over a span of 600 mm. 
FL is based on readings of slope (difference in 
elevation) measured over a span of 3 m. Both 
F-numbers can be, and in practice always are, 
derived from a single test, which involves taking 
elevation or slope readings on 300-mm centers 
along survey lines spaced a few meters apart.

These readings are manipulated statistically with 
regard to the mean and standard deviations of the 
data to obtain an overall pair of floor slab F numbers. 
A scale is utilized that establishes a set of values 
varying between 10 and 100, with 10 being a  
floor nobody would be happy with, and 100 being  



RULES OF THUMB FOR DISTRIBUTION/WAREHOUSE FACILITIES DESIGN  |   SECOND EDITION

41

an almost perfect slab. Today’s standard for a 
speculative distribution building is an overall FF of  
50 and an FL of 35. There are also local requirements 
of FF 33 and FL 21. These are usually exceeded in 
construction with no special effort.

What is being measured is the difference between 
the slab’s measurements and an absolute smooth 
plane in a localized area. F-numbers measure 
smoothness and levelness on a relative, not absolute 
basis. Key in the discussion below is the qualifier 
above: “The plane is not necessarily horizontal.”

The Dipstick and DIN machines from Face 
Consulting can calculate exact FF and FL numbers 
on the floor even as it slopes at 0.5%. The FF and  
FL numbers we specify are the same whether the 
slab is designed to be “flat” or with a 0.5% slope. 
Face Consulting puts it this way:

Can a floor be “super flat” even if it is 
designed to slope?

Yes. Design slope can be compensated for in 
“super flat” measurements.

It’s important to remember that the floor profile 
characteristics that are critical to efficient, 
full-speed vehicle operation are the flatness/
levelness characteristics under the wheels of  
the vehicle.

In most cases, the truck really doesn’t care if 
one end of the aisle is higher or lower than the 
other. It only cares how many bumps and dips it 
encounters in getting from one end to the other.6

There are tens of millions of square feet of 
distribution facilities constructed over the past 30 
years that have been designed with a 0.5% slope in 
recognition that the world around them is not flat. 
The practice has become increasingly common as 
building sizes have increased, slab construction 

technology has advanced and slab measurement 
methodology has advanced. Today it is an industry 
standard to slope a large building at 0.5%.

The technology and use of racking systems and 
automated material handling equipment has also 
evolved at a rapid pace over the past 30 years. These 
systems have historically been placed into a shell 
facility that was designed on its own construction 
standards and logic. Today the material-handling 
systems and the building shell construction have 
become highly integrated, but many standards, such 
as the RMI/ANSI 16.1 section, are still looking at 
isolated systems rather than integrated construction.7 
Robotics manufacturers are also unsure of many 
physical performance aspects of their new systems 
and tend to specify excessively strict environmental 
criteria requirements. If a developer wants to be 
“bullet-proof” regarding a tenant’s theoretical criteria 
for robotic systems, they may want to forgo the cost 
savings of a sloped floor so that they can advertise 
a “flat” floor. However, no one should be concerned 
about the utility of facilities that are sloped at 0.5%

Structural Roof Design
As noted earlier, the roof is an industrial building’s 
other major construction system. The functional 
criteria and maintenance aspects that were of 
primary concern on the floor slab do not impact  
the roof design in the same manner. Up there,  
the primary concerns are cost per square foot  
and avoiding leaks.

When HPA was founded, the dominant roof 
structural system for industrial facilities was glulam 
girders, timber or mini-lam joists, and panelized 
plywood. That has changed, and today’s dominant 
roof structure in the western U.S. is an engineered 

system of steel trusses for girders and joists with 
panelized oriented strand board (OSB) for the 
diaphragm. This system is often referred to as 
a hybrid roof, since it combines steel-carrying 
members with a wood diaphragm. In the eastern 
U.S., the panelized wood diaphragm is typically 
replaced by a steel deck.

The glulam roof was dominant a few decades ago 
for the same reason the hybrid roof is dominant in 
the western U.S. today: they each represent the least 
expensive way to construct a roof for a given bay size 
at a particular point in time. There are some regions 
and environmental conditions that make using metal 
deck instead of panelized OSB a reasonable choice. 
In the eastern U.S., steel decking is more commonly 
used for the diaphragm than OSB. In the Pacific 
Northwest, there is a roughly equal mix of wood roofs 
and steel roofs. In both wood and steel roof decks, 
the engineered system of steel girders and joists is 
essentially the same. 

The girders span from column to column in the long 
direction of the building, parallel to the dock doors. 
Using the rules of thumb for column spacing, that 
means bays of 52 feet to 58 feet. The joists span 
from girder to girder on a spacing of 8 feet or 10 
feet. On the two end bays, where there are typically 
dock doors, the joists frame into the tilt-up walls. The 
overall system in this direction is optimized for spans 
from 40 feet up to 60 feet (see Figure 2.10, page 24).

An interesting aspect to this system of roof 
construction is the approach to optimizing the steel 
girder and joist members. The building structural 
engineer sets loading for the roof. They specify dead 
load distribution and live load distribution and set 
criteria for allowable deflection. The manufacturer of 
the steel roof members does the actual calculations 
for each girder and joist within the parameters of 
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their system. This means that the amount of steel 
is minimized at the manufacturing stage for each 
member. This is more efficient than picking standard 
members from a table, which would be oversized in 
some cases.

This system of girders and joists also applies to 
buildings that use steel deck instead of an OSB 
panelized roof deck. The advantage of steel over 
wood is its strength and longevity, if properly 
detailed. There is, however, an additional structural 
issue that must be addressed with steel deck roofs. 
Steel is more rigid and has a higher coefficient of 
expansion and contraction than wood. It is most 
common to address the thermal movement of steel 
deck systems by providing expansion joints in the 
deck. Different structural engineers address the 
issue in different ways, but most designs incorporate 
an expansion joint at maximum spacing of between 
400 to 600 feet. That means a building longer than 
600 feet will likely require an expansion joint.  

Figure 3.7 Typical configuration required in a large building with a steel deck roof.

Figure 3.7 shows the typical configuration required 
in a large building with a steel deck roof.

While the expansion joint allows the steel deck to 
expand and contract in a way that doesn’t introduce 
significant forces into other building components, 
it also means that the roof has two more edges that 
require lateral support for wind and seismic loads. 
A large building with a steel deck roof is likely to 
have a set of paired columns in the middle of the 
building defining an expansion joint. Each side of 
the joint has its own supporting columns and set of 
lateral frames. Again, different engineers may have 
alternative solutions to the issue, but most buildings 
will have paired columns and frames where they 
have an expansion joint.

Roof Design Coordination with ESFR
While there is no forklift traffic at the roof to worry 
about, there is the ESFR fire suppression system 
noted in the prior chapter. The advantages of an 

ESFR system for a rack storage tenant are huge, 
and almost all buildings today have ESFR fire 
suppression systems.

These systems have specific design criteria. The 
allowable variance on head spacing is very tight; the 
slope of the roof deck must be in a certain range; 
the height of the roof deck limits configurations and 
storage options; there are criteria for obstructions 
from equipment or ducts; and there are limits on 
airflows. Experience coordinating roof structural 
systems with ESFR systems has taught HPA 
methods for optimizing these combinations. The 
column spacing derived from the rack storage 
systems applies to one direction while the other 
direction uses a module of 10 feet for 40-foot,  
50-foot or 60-foot bays. This 10-foot module 
generally results in a minimum number of EFSR 
laterals, but still makes for economical joist designs.

ESFR systems limit the slope of the ceiling to a 
maximum and designing for drainage limits the slope 
of the roof to a minimum. The practical range for roof 
slope is consequently small, and the ESFR deck height 
limits essentially set building clear heights as shown in 
the table in the chapter on column grid design.

Issues of Insulation and Condensation
In those old glulam buildings from a few decades 
back, there was no thought of environmental control 
for the inside of the warehouse. It was only about 
keeping rain and dust out, but that is no longer the 
case. Today, there are concerns for many products 
that are temperature sensitive as well as for the 
employees working in the warehouse space. There is a 
strong trend toward including HVAC systems to provide 
environmental control of the warehouse space.

The lowest-cost approach to insulating the roof of 
the warehouse space was problematic even before 
this trend took hold and needs some discussion. 
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Temperature differentials can cause condensation, 
and warehouse roofs can be subject to periodic 
condensation that forms under the roof deck, 
especially on metal hangers and nails. The simple 
solution to this problem is to place insulation on 
top of the roof structure. This ensures that the 
dew point where condensation forms is above the 
structural members. With steel deck roofs, it is 
common to insulate above the deck since some 
type of construction material is required between 
the steel and the roofing membrane. Wood roofs, 
however, usually have a roof membrane directly on 
the wood diaphragm. Placing rigid insulation on top 
of the wood roof carries a construction cost that most 
developers are unwilling to absorb.

Non-insulated roofs have been an industry standard 
in the southwestern U.S. for more than 50 years. In 
the early 1970s, foil-faced paper products became a 
standard addition. They are attached to the bottom 
of the smallest wood members, (2x4s or 2x6s). 
They were initially used as an aesthetic device to 
reflect more light from the roof of large warehouse 
buildings. They evolved into products that provided 
reflective value on the upper face to reduce heat 
gain from solar radiation (sometimes referred to as 
emissivity) inside the building. Some products have 
multiple layers with air spaces between them to 
generate an insulation R-value at minimal cost.

It is possible that when relative humidity is high in 
the air directly under a panelized wood roof and the 
temperature above the roof is low, sufficient cold 
can be conducted into the metal elements below 
the roof to create condensation. This is also true of 
steel deck roofs that do not have adequate insulation 
above the deck. Because of relatively low humidity 
and warm temperatures in the southwestern U.S., 
condensation of this type is not a universal problem 

in industrial buildings in the region. In areas with 
lower temperatures and higher humidity, the industry 
standard is often to put some insulation above the 
roof to combat the problem. It can be a serious 
issue for a percentage of buildings that have high 
relative humidity in the air under the roof deck and 
inadequate insulation above the roof deck. 

Several factors can contribute to relatively high 
humidity in the air under the roof deck: 

• High relative humidity in the ambient air, such as 
at a coastal location. 

• Foil membranes attached to the underside of the 
roof deck in a manner that traps air with high 
humidity at the time of construction. 

• High moisture content in the wood deck and 
framing when foil membranes are attached to the 
underside of the deck in a manner that traps the 
moisture. 

• Roof leaks that allow moisture to get into the wood 
members of the roof deck. 

• Operations or materials inside the facility that 
contribute a high moisture content to the inside 
air, especially in low-ventilated situations. 

In order to avoid the problems that can occur with 
high-moisture content in wood materials at the 
time of construction, HPA’s specifications call for a 
maximum moisture content level in the wood. Testing 
for this can add cost and time during a critical period 
of construction, and is sometimes waived by owners 
and contractors, but moisture from wood materials 
can be a potential source of problems if combined 
with non-vented foil applications.

The roof will need to be insulated when the 
warehouse space is serviced by an HVAC system. 
With a wood roof, the simple solution of putting 

the insulation on top of the roof is more expensive 
than securing batt insulation below the roof deck. 
However, installing batt insulation below the roof 
deck, whether wood or steel, causes the same 
condensation situation that occurs in non-insulated 
warehouses with foil below the roof deck.

HPA has concluded that the current industry-
standard construction for non-insulated panelized 
wood roofs, where insulation is secured below the 
roof deck, will exhibit some degree of condensation 
in certain situations. The same would be true of steel 
deck roofs that do not have insulation on top. The 
expected lifespan of these systems will be dependent 
on the degree of this condensation and its corrosive 
effect on the steel hangers, nails and fasteners that 
are part of the roof system. Short of insulating the 
top of the roof deck, the best approach is to focus on 
minimizing condensation and drying it out as soon 
as possible. The only way to eliminate condensation 
is to insulate on top of the roof deck at significant 
added expense.

The recommended rule of thumb for insulating 
a building is to use rigid insulation on top of the 
structural deck for both wood and steel systems and 
batt insulation on the inside of the concrete outer 
walls down to 10 feet above floor level. Anything 
below 10 feet is likely to incur damage from material 
handling operations.

Skylights
Skylights are an integral part of the roof system in 
the southwestern U.S. In the past, they provided 
all code-required ventilation. They could also 
double as smoke hatches and brought light into a 
spec building, so it showed well without the cost 
of a lighting system. Today they can supply the 
daylighting required by California energy codes while 
showing well for tenants. Skylights are now used in 
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concert with photocell controls to bank electrical 
lighting systems, providing significant operational 
energy savings.

In other parts of the country, rain tends to sully the 
reputation of skylights. Skylights require a hole in 
the roof, which means roof flashing details and a 
greater possibility of rain leaking into the building. 
As the trend toward mechanical environmental 
controls in warehouses grows, the use of skylights 
for ventilation diminishes. As the trend toward 
energy conservation grows, the use of skylights in 
daylighting systems grows.

Another approach to bring natural light in without 
introducing a problematic hole in the roof is to place 
clearstory windows high up on the exterior wall. It 
is easier to make a hole in the wall watertight than 
a hole in the roof. Clearstory windows also offer an 
opportunity to introduce contrasting architectural 
elements in large expanses of planar walls. We often 
incorporate them in buildings that also have skylights. 

Clearstory windows cannot replace skylights as 
smoke hatches, though, and they are less effective 
at lighting up an empty warehouse for leasing. 

Warehouse/distribution buildings are deep, and the 
light from clearstories does not penetrate to their 
center. A clearstory can also have the unintended 
effect of making a warehouse interior appear darker 
than it is because walls appear darker in contrast to 
bright clearstory windows.

Unless the project is in the Southwest (in particular 
California) or in a state that has adopted an 
energy code, then skylights are an option, not a 
requirement, and may not be desirable in locations 
that experience frequent rain. But they can make 
warehouse space much more visually appealing  
(see Figure 3.8). 

Roofing Membranes
On top of everything is the roofing membrane: it is 
what keeps out the rain and snow. Almost everyone 
in the industry has a story to tell about roof leaks that 
has informed their opinion of what the best roofing 
membrane system is. Today, there are two types of 
membrane systems in wide use on large buildings, 
and two that are sometimes used on smaller 
buildings.

Large buildings:

• Four-ply built-up roofs.

• Single-ply roofs.

Smaller buildings sometimes have:

• Spray foam roofs.

• Steel roofs.

Figure 3.8 Typical interior with skylights and clearstory windows.
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Across the U.S., the single-ply roof seems to be the 
favorite. It is installed as a single membrane, is often 
the least expensive system and performs well in rainy 
climates. Several types of single-ply roofs use different 
membrane materials. HPA typically recommends a 
TPO (thermoplastic polyolefin) roof, which can be 
installed several ways. It requires an extra attachment 
medium to meet the FM Global requirement for being 
mechanically fastened, but it is still price-competitive in 
this situation. TPO seams and flashings are completed 
using hot-air welding systems.

PVC (polyvinyl chloride) and EPDM (ethylene 
propylene diene terpolymer) are other types of single-
ply roofs, but very few of these are currently being 
installed. They are generally more expensive than TPO.

Proponents of a four-ply built-up roof system like to 
point out the redundancy provided by the multiple 
layers as an advantage over single-ply systems. The 
old line is that a single-ply membrane provides a 
“one goof, no roof.” It seems intuitive that a single 
membrane is more likely to suffer a puncture than  

a four-layer system, but a multi-ply membrane  
also has a drawback: the path for a water leak 
in a multi-ply system may travel between layers, 
making it difficult to locate the source of the 
problem. Seams and flashings in a built-up roof are 
completed with a hot-mopped asphalt emulsion. 
HPA sometimes specifies built-up roofs, particularly 
in the regions where they are price competitive with 
TPO roofs. They are almost always less expensive in 
Southern California and sometimes less expensive in 
Northern California. There is also a three-ply roofing 
approach that HPA does not recommend; a fourth 
sheet is preferable.

Spray foam roofs can be price competitive with TPO 
and built-up systems on some occasions. They are 
not as well tested in the marketplace, and HPA usually 
recommends a TPO or built-up system instead.

There are a couple of developers that HPA works 
with who swear by steel roofs. They are generally 
more expensive, and their advantages are unclear.
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Recommended Primary Rules of Thumb for Slabs and Roofs
Slab thickness is a function of clear height. Follow these rules of thumb:

Clear Height Slab Thickness Reinforcement

Up to 32 feet 6 inches optional

32 feet to 40 feet 7 inches to 8 inches recommended

Above 40 feet 9 inches to 10 inches recommended

Tell the slab where to crack by using sawcut control joints using ACI spacing recommendations as in these rules of thumb:

• 16 feet, 8 inches maximum spacing for a 6-inch-thick slab.

• 18 feet, 8 inches maximum spacing for a 7-inch-thick slab.

• 20 feet, 8 inches maximum spacing for an 8-inch-thick slab.

• 22 feet maximum spacing for a 9-inch-thick slab.

• 23 feet, 8 inches maximum spacing for a 10-inch-thick slab.

Use these ingredients in your slab recipe:

• 95% of optimum compaction for subgrade layers.

• A mix design yielding low-shrinkage concrete and a Class 5 slab as defined by ACI (about 4,000 psi strength).

• A seven-day wet cure (really, it’s worth it).

• Dowels and baskets or diamond plates at control joints using ACI-recommended details.

• A filler such as Metzger/McGuire MM-80 at all control joints.

• Specify overall FF 50 and FL 35 with local FF 33 and FL 21.

• Do not allow cranes or concrete trucks on the slab during construction.

Consider sloping the overall building at 0.4% or 0.5% if there is significant savings.

If you are insulating the roof, consider placing the insulation on top of the deck. If insulation is placed under the roof, make sure it is 
detailed to provide air movement to allow any condensation to dry out.

In the western U.S., stick with the current industry-standard hybrid roof structure with a TPO or four-ply built-up roofing membrane.

In the eastern U.S., a steel deck roof with insulation on top and a TPO roofing membrane is the popular choice, but remember that roofs 
spanning more than 600 feet will require an expansion joint.
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CHAPTER 4

Notes on Smaller Buildings: Fitting Functionality into a Small Package 
without Busting the Budget
The rules of thumb for warehouse/distribution 
facilities discussed in this chapter are focused on 
balancing functionality for the user with a financial 
return for the developer. The functionality rules are 
relevant for any size building. For smaller buildings, 
however, the per-square-foot cost of construction 
climbs rapidly. It also becomes more difficult to 
obtain optimal coverage numbers and the floor area 
ratio (FAR) tends to go down as buildings get smaller.

HPA’s definition of smaller buildings starts at a 
bit below 100,000 square feet. There are code 
requirements that change for buildings that are less 
than around 80,000 square feet (the exact number 
varies depending on the site plan). Buildings above 
80,000 square feet will tend to follow the rules of 
thumb discussed in this publication while those 
below 80,000 square feet will tend to need some 
adjustments to increase FAR and reduce costs.

Site Plans
The size of trucks and trailers will vary more in 
smaller buildings than the larger ones discussed in 
Chapter 1. Some tenants will not have the big rigs 
with 53-foot trailers at all. HPA suggests relaxing the 
truck-turning criteria on smaller buildings. Instead 
of the worst-case analysis of a full rig adjacent at the 
dock, the firm plans for an adjacent 53-foot trailer 
without the attached tractor rig.

This approach reduces the 131-foot distance for a 
single swing in/out of the dock position to 111 feet. 
HPA has noticed, however, that the marketplace 
usually prefers a deeper yard. To meet market 
preferences, the firm typically uses a 120-foot 
distance in California. A 111-foot-deep truck yard 
will work fine from a functional point of view for most 
tenants in small buildings, but check the regional 
market to see if there is a more commonly accepted 
yard distance. Figure 4.1 (page 48) shows a range of 
111 feet to 120 feet.

Smaller buildings usually mean a lower volume of 
truck traffic, and the number of dock doors becomes 
less critical. Typically, these smaller buildings will be 
on grade with truck wells to the dock doors, while 
the larger buildings are dock high with yards sloping 
away from the building. The car-parking stalls are 
often overlaid with truck-maneuvering distances to 
increase FAR.

One of those code changes as a building gets  
below 80,000 square feet is that a minimum 40-foot  
distance to the property line on all sides of the 
building is no longer required. While the exact floor 
area threshold can differ in certain regions, all the 
codes HPA is aware of eliminate this minimum 
distance for buildings under a certain floor area. 
There are still requirements for fire lanes to consider, 
but one side of a smaller building can often be 
pushed right up to a property line to optimize the 
FAR factor (see Figures 4.1 and 4.2, page 48).
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Clear Heights and Column Grids
Tenant operations vary widely in smaller buildings. 
Uses may include equipment sales and service, 
small-scale assembly, manufacturing, small-scale 
distribution and even fully improved back offices. 
Optimizing column grid sizes for rack storage 
systems is not as critical since a lower percentage of 
tenants will be configured that way. These buildings 
generally have lower clear heights to minimize 
construction costs. At 80,000 square feet, HPA 
would recommend staying at 32-foot clear, but 
some developers are beginning to go to 36-foot clear 
to differentiate their product. As the building size 
drops below 50,000 square feet, lower clear heights 
might make sense, depending on the market. The 
absolute minimum height HPA would recommend 
on small buildings would be 24-foot clear.  

Figure 4.1 Single building. Figure 4.2 Two buildings with a shared yard. 

Small Building Examples

All buildings today should feature ESFR fire 
suppression systems and comply with the roof deck  
height and sprinkler head requirements of one of the 
code-approved configurations.

In smaller buildings, HPA lets the specific geometry 
resulting from the constraints of the site plan dictate 
column grid locations. Most of these buildings 
will not be simple rectangles, but more complex 
footprint shapes to optimize FAR factors. Most grids 
will still be on the order of 50 feet by 52 feet, but 
there will sometimes be conditions that make other 
dimensions desirable.

Slabs and Roofs
The wider variation in use that comes with a smaller 
building makes slab thickness more of a judgment 
call. In buildings at 32-foot clear, HPA recommends 

a minimum 6-inch slab. At that clear height, there 
is the possibility of tall racks being attached to the 
slab that induce uplift forces. If the buildings are 
below 32-foot clear, it may make sense to consider 
a 5-inch slab thickness, but the 6-inch slab is less 
likely to show hairline cracks in any size building. 
Always follow the ACI recommendations highlighted 
in the earlier slab discussion for whatever thickness 
is chosen. HPA does not recommend slabs less than  
5 inches thick for any size building.

The optimum roof structure system for smaller 
buildings remains the same, as size does not 
determine the roof structure system. As noted 
previously, hybrid roofs are usually ideal in the 
western U.S., while in the eastern U.S., steel deck 
roofs have a following. Steel deck roofs with spans 
smaller than 400 feet usually do not require an 
expansion joint.
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Recommended Primary Rules of Thumb for Smaller Buildings
As building size gets smaller, it becomes more difficult to obtain needed FAR coverage. The rules of thumb are more often adjusted in small 
buildings than in larger ones. Keep in mind, however, that numbers less than these may require functional compromises.

Truck drive geometry should accommodate single turn swings with a WB-67 tractor-trailer rig at a slower speed than on larger buildings.

• Make drives 35 feet wide with a 35-foot inside curb radius.

Face-of-dock to opposite end of truck yard dimensions that will accommodate the same WB-67 in a single swing onto and away from the 
dock door when only a trailer is adjacent:

• Buildings less than 80,000 square feet: 120 feet in most areas but down to 111 feet in some.

Distance between building dock faces in a shared truck yard that allows for the overlap of some maneuvering space:

• Buildings less than 200,000 square feet: 185 feet in most areas.

Vertical dock height, truck yard to finish floor:

• 48 inches.

In small buildings, clear heights vary more widely than in large ones. HPA’s recommendations would be:

• Buildings below 50,000 square feet can be 28-foot clear.

• Buildings between 50,000 and 80,000 square feet can be 30-foot clear.

• Buildings between 80,000 and 150,000 square feet should be at least 32-foot clear.
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CHAPTER 5

Trends in Warehouse/Distribution Design
Most of this book was written in 2019, when the 
industrial real estate industry was in a boom phase 
with historically low vacancy rates and historically 
high absorption rates. The global pandemic caused 
by the coronavirus SARS-CoV-2 has disrupted global 
supply chains and altered patterns of consumer 
spending. At the time of this book’s publication, 
it is not yet clear whether there will be short-term 
impacts on the demand for warehouses and 
distribution centers, and whether the effects of the 
outbreak will substantially slow the pace of new 
industrial development in the longer term. However, 
most brokerage, consulting and development 
firms believe that the industrial sector will weather 
disruptions associated with the outbreak better than 
most other real estate sectors. Many also expect that 
the outbreak may contribute to growth in long-term 
demand for warehouses and distribution centers.

In mid-April 2020, developers responding to shifting 
demand said they expected that the outbreak will 
lead retailers to adopt more robust e-commerce 
operations and expand inventories to improve supply 
chain redundancy. Analysts speculate that the 
outbreak could lead consumers to permanently shift 
more of their purchases online, including for goods 
they had previously been reticent to order online, 
such as groceries. Collectively, these trends could 
spur long-term demand for industrial real estate.8 

It remains to be seen if the industrial real estate 
market will resume a rapid pace of growth after 
the coronavirus outbreak ends. However, the 

importance of a resilient logistical infrastructure has 
been made clear, and it is possible that changes 
already underway to create more efficient and robust 
distribution systems will accelerate. To that end, this 
chapter examines three current drivers of change in 
the design of warehouses and distribution centers:

• Logistics and supply chain innovation.

• Material handling innovation.

• Productivity innovation and worker accommodation.

New Supply Chains Mean New 
Kinds of Distribution Facilities
The retail revolution is a key component of this 
dynamic. Logistics models are being re-imagined for 
e-commerce, and a new set of supply chain models 
is emerging. As the demand for brick-and-mortar 
retail space declines, the demand for new, efficient 
distribution space near consumers increases at an 
exponential pace.

One of the largest industrial developers in the world 
has created an algorithm that evaluates property for 
industrial development opportunities based on a new 
logistics framework. In a September 2019 report, 
Prologis lays out its current view of industrial market 
segmentation.9 Its algorithm creates a taxonomy 
that divides logistics facilities into four types based 
on aggregate income and delivery timeframes. The 
algorithm analyzes consumer-based data. Prologis 
maps out areas based on the density of consumer 

purchasing power. The taxonomy they use looks  
like this:

Last Touch™ (Prologis has trademarked the label):

• Facilities focused on reaching a maximum 
number of affluent consumers within a few hours. 
These are typically located on in-fill sites.

City Distribution:

• Facilities focused on one- or two-day shipping 
across a large urban center.

Multi-Market:

• Facilities focused on distribution to multiple 
centers. These are typically located at 
transportation hubs.

Gateway:

• Facilities focused on major intermodal locations 
for sea, air and rail shipping.

In this model, the rules of thumb discussed in 
previous chapters fully apply to the Multi-Market and 
Gateway segment definitions. The City-Distribution 
segment is where it starts to get blurry. Most of these 
rules will still apply, sometimes with the smaller 
building accommodations, but an emphasis on small 
trucks, vans and parking is added. Since the land 
for this segment is likely to be valuable and in short 
supply, many are exploring ways to increase the 
density of these facilities over conventional .45 floor-
area-ratio targets while also adding more parking. 
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Multistory distribution configurations are a response 
to this desire to increase density.

The Last Touch™ segment describes a new type of 
warehouse distribution facility. Prototype designs are 
currently in flux and optimizing principles are hard 
to determine. The 800-pound retail gorilla tenant 
of Last Touch™ has many projects of this type 
underway that will have coverage factors less than 
0.2 floor area ratio based on a ratio of actual process 
use to land utilized. Many of these projects convert 
existing buildings into parking to service the primary 
distribution buildings. A 180,000 square-foot facility 
of this type may require over a thousand parking 
spaces for delivery vans in addition to employee 
parking. Some of these facilities lease multiple 
existing buildings and refit some of them as parking 
garages. This is not something a developer can 
currently consider on a speculative basis.

Whether you think the Prologis algorithm is useful or 
not, it is clear that a new type of distribution building 
oriented to e-commerce and dense urban delivery is 
becoming part of the logistics supply chain. Location 
is of prime importance, as noted by Prologis. These 
projects require a different mix of design criteria than 
traditional industrial buildings:

• A high number of parking spaces for delivery 
vehicles.

• A large number of on-grade doors to facilitate 
loading vans using carts.

• A small number of large truck dock doors, 
primarily for incoming product.

• High clear heights (36-foot to 40-foot) on small 
footprints for future pick mezzanines in new 
buildings.

It is useful to consider some land-use responses to 
this new demand.

Repurposing Opportunities
Existing large-box retail facilities offer some of the 
desired criteria for these buildings. They generally 
have a low FAR factor with lots of space for parking, 
are on-grade facilities with minimal truck docks and 
are near population centers. There now exists a 
trend toward repurposing large retail properties into 
last-mile delivery locations.

Down-Zoning Redevelopment Opportunities
In addition to rezoning and repurposing existing retail 
facilities, there has been some recent activity around 
rezoning and redeveloping office facilities into 
industrial operations. This is a regional activity where 
suburban office demand is in decline. One example 
would be the Seattle market, where vacant midrise 
office buildings previously occupied by Boeing have 
become targets for industrial redevelopment due to a 
shortage of industrial properties.

Industrial Redevelopment Opportunities
As older manufacturing and warehouse operations 
near population centers fall into disuse, they may 
become optimal redevelopment opportunities. 
The traditional model might be to transform these 
properties as mixed-use retail, office and residential 
complexes to maximize value. However, the climbing 
rents for last-mile distribution facilities make them 
competitive in the value proposition and, unlike 
mixed-use facilities, they can take advantage of a 
former manufacturing site’s existing zoning.

Multilevel Building Redevelopment Opportunities
The existing 18-acre Sunset Industrial Park in 
Brooklyn is now being demolished by Bridge 
Development Partners to make way for a new 
four-level industrial facility. It will be an example of 
a fully-functional distribution facility optimized for 
large truck traffic and high rack storage systems. 

There are several similar projects in various stages 
of development around the country. The high cost 
of land and the dramatically increased cost of 
construction for these multilevel facilities will redefine 
the industrial development pro forma in urban areas.

The rules of thumb for this new multilevel approach 
are currently fluid. Optimum design choices will 
not be clear until more projects come to market 
and can be tested. One of the key challenges that 
these buildings will need to address is the vertical 
movement of material. Bridge Development Partners’ 
project in Brooklyn is planning for full truck rigs to 
docks at all four levels. Prologis has a three-level, 
fully-leased facility in Seattle named Georgetown 
Crossing, which has truck dock access on levels 
one and two, but services the third floor solely 
via mechanical lifts. HPA has designed four- and 
five-level build-to-suit facilities that only have truck 
docks on the ground floor, with levels two through 
four or five serviced solely with mechanical lifts and 
conveyor systems. 

Floor loading and column spacing will be other 
interesting aspects of multilevel facility design. 
Pallet loads sitting on the floor may require heavier 
live-load accommodation than many rack storage 
systems. As the load factors climb to 300 per square 
feet or higher, the spans typically seen in a one-level 
building become extremely expensive.

Once a building rises above two stories, or gets 
within 40 feet of a property line, the construction 
type changes from the non-rated systems used in 
single-story buildings to fully fire-rated systems. 
This also increases cost and construction time 
dramatically. In the four-story build-to-suit designed 
by HPA, an alternative means and methods 
approach to the building codes was used, with a 
more robust fire suppression system that replaced 
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fire-rated construction. However, similar solutions  
will not be achievable in all jurisdictions.

Multilevel distribution facilities represent a new 
frontier opened up by rising rents, rising land  
costs and new supply chain demands. Before a 
winning formula is identified, some projects will  
be successful, and others will not.

New Technology Means New Kinds 
of Material-Handling Technology
The automation of distribution warehouse space is 
underway, but it is still too fluid to adapt reliable rules 
of thumb to accommodate these new technologies. 
Since almost all the automated systems are custom-
designed to fit within a shell building that has already 
been constructed, they take the physical layout as a 
given. As a consequence, all the site plan and floor 
plan rules of thumb identified earlier currently work 
well for automated warehouse operations. The rules of 
thumb for slab and roof construction also work well.

One caveat is in clear height. It comes from two 
directions: automated storage and retrieval systems 
(ASRS) and multiple pick mezzanines. These 
systems are implemented in speculative industrial 
buildings that are consistent with the rules of thumb 
presented here, as well as build-to-suit projects;  
however, sometimes these systems will require some 
retrofitting of a speculative building.

ASRS systems pick up a pallet load at the receiving 
dock area and use automated mechanisms to 
route it to a position in a storage rack system. The 
automated system then retrieves it when called 
upon and delivers it to a shipping dock location. 
Sometimes these systems fill a warehouse volume 
and may or may not be covered by the ESFR fire 

suppression system design. As the installation 
costs are far larger than a forklift-serviced set of 
storage racks, the planned life of the initial system 
configuration is longer, and the installation of in-rack 
fire suppression may buy higher storage densities. 
This makes the clear height definitions approved by 
codes for ESFR systems less relevant. Build-to-suit 
facilities planned from the start for an ASRS system 
will tend to be taller than most speculative buildings 
of similar size.

Pick mezzanines were initially designed to facilitate 
manual picking of individual products from low, 
6-foot-high racks. That is still true in many cases, 
but these mezzanines are now also being utilized 

for low racks serviced by mobile robots. While the 
vertical dimension of the warehouse volume has 
typically been optimized by tall rack storage systems 
serviced by high pick forklifts, there are a growing 
number of examples of warehouse spaces being 
filled by layers of human or robotic pick mezzanines. 
The higher the clear height, the more levels can be 
constructed. In some cases, this fuels a discussion 
around 32-foot to 40-foot clear heights. For some 
tenants, the difference between 32-foot and 36-foot, 
or 36-foot and 40-foot, allows for an extra mezzanine 
level. The diagram below shows potential mezzanine 
configurations for buildings with different clear 
heights (see Figure 5.1).

Figure 5.1 Typical mezzanine configurations for common building clear heights.
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The technical distinction between “mezzanine” 
and “story” is an important one when interpreting 
building codes. Many buildings with pick mezzanines 
would be defined as multistory in some jurisdictions. 
The difference is getting murkier over time as code 
authorities react to these new configurations. There 
is a four-story pick mezzanine prototype by a specific 
retail distributer that no longer attempts to define the 
pick levels as mezzanines. These levels are serviced 
by robots that bring products to packing stations to 
be packed by workers. The building is four stories 
and over 75 feet tall.

New Productivity Objectives Mean 
New Worker Accommodations
While robots may be the future of warehouse 
operations, all facilities currently employ at least 
some human workers. Even the four-story robotics 
building mentioned above has hundreds of human 
workers. Warehouse workers are in short supply in 
most regions, and companies are beginning to adjust 
their approach to facility design and amenities to 
attract a stable, productive workforce.

At a site plan level, tenants are demanding more 
parking, especially when pick mezzanines are added 
to a building’s improvements. Tenants often convert 
one side of a cross-dock building from a truck yard 
with dock doors into an employee parking lot.

Amenities and ancillary functions are increasingly 
added to tenant improvements. A large break room 
is often provided that serves as an accommodation 
suite. It may have extensive seating areas with 
extended rows of microwave ovens. It is likely to 
include exercise rooms, showers, lockers and 
outdoor patios. Training rooms are also becoming 
common. Worker entry areas often house  
security systems.

In regions like the southwestern U.S., active 
environmental controls are commonly being added 
to the warehouse space for employee comfort. 
Most new facilities in this region have some sort of 
active HVAC system to lower temperatures in the 
warehouse during the summer. These systems add 
significant construction cost and ongoing energy 
costs and would not have been considered just a 
decade ago. 
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Recommended Primary Rules of Thumb for the Future
Identify and communicate clear objectives at the beginning of a project.

The rules of thumb described in this book will apply to buildings representing a large majority of leased space, but targeting new kinds of uses 
in some buildings may require different rules of thumb. A one-size-fits-all approach will not be suitable to many new logistical facilities. For this 
reason, it is important to clearly communicate the intended market for a new building to the design and construction teams.

Spend time and resources on thoughtful design to ensure that a building will adequately support its intended uses. 

This book is focused on providing quick answers with specific numbers. However, as the use of buildings evolves, it will be important to 
understand how these numbers are derived to know when they should change.

This rule also applies to older buildings. New types of supply chains may create new types of adaptive-reuse opportunities. Keep in mind  
that reuse renovations always face more unknowns than conventional new-building development.
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APPENDIX

Warehouse/Distribution Design and Aesthetic Image
Architectural design requires more than manipulating 
the functionally derived numbers discussed in this 
book. Architects use words and phrases like “sense 
of place,” “sense of scale,” “metaphor,” “visual 
impact,” “context,” “vernacular,” “urban fabric” 
and, of course, “city planning requirement” to 
communicate the aesthetic nature of a building’s 
design. But this book has concentrated on 
optimizing the functional characteristics of the 
buildings that serve logistical operations. Aesthetic 
preferences are far more subjective, and related 
design considerations are not easily encapsulated  
in standard rules of thumb.

HPA takes aesthetic considerations into account as 
it designs buildings that optimize functionality and 
flexibility in an economical way. Like other architects, 
HPA strives to design buildings that “look better” 
than others in a given area. But the best approach to 
aesthetic design can differ dramatically from project 
to project. Context is one key element of aesthetic 
design and, by definition, is different for different 
sites, developers, markets and times. Rather than 
try to derive aesthetic rules of thumb, this chapter 
contains a logistics building design portfolio that 
illustrates past successful approaches.

The portfolio illustrates a few common approaches 
to aesthetic design. For instance, most of the 
visual impact in large buildings is concentrated at 
the building corners where the tenant offices are 
typically located (see Figure A.1). For large-scale 
buildings, the use of painted scale elements and the 
articulation of parapet heights can effectively break 
down the scale of imposing, large flat walls. Look for 
these techniques in the following building photos.

Figure A.1 Aesthetic design focuses on an industrial building’s corners and sides.
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Figure A.2 An example of using a building corner to make an architectural 
entry statement.

Figure A.3 An example of a corner architectural treatment using contrasting 
paint colors for effect.

Figure A.4 Contrasting materials used on a smaller multitenant building. Figure A.5 A build-to-suit facility with an office mezzanine and clearstory 
windows on the right.
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Figure A.6 An example of an extreme approach to breaking down scale that 
is being demanded in some cities.

Figure A.7 A build-to-suit that shows an architectural corner office treatment 
carried through the sides to break down scale and incorporate clearstory windows.

Figure A.8 A speculative building that shows an architectural corner office treatment 
carried through the sides to break down scale and incorporate clearstory windows.

Figure A.9 A build-to-suit four-story robotics facility with a total of 2.4 million 
square feet of space. The vertical movement shafts create opportunity for breaking 
down the scale of the walls.
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