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Study 

Wood-Concrete 
Composites: 
A Structurally Efficient 
Material Option 

The use of wood-concrete 
composite systems for new 
commercial and residential 
floor construction, as well as 
for renovations, can provide 
distinct advantages. 

PEGGI CLOUSTON & ALEXANDER SCHREYER 

Wood-concrete composites (WCCs) 
are composite deck structures that 
consist of a solid cast-in-place con

crete slab that is placed upon, and integrally 
connected to, wood members below. Although 
not commonly seen today, WCCs have been 
used since the early 1930s in North American 
timber bridge construction. The two most 
prevalent types are the T-beam deck (see 
Figure 1) and the composite slab deck (see 
Figure 2). Traditionally, the shear connection 
between the wood and concrete was formed 
through slots cut into the wood members to 

form concrete shear keys or by mechanical fas
teners driven into the top of the wood, or both. 
Recent research and development efforts 
throughout the world have advanced the tech
nology and understanding of WCCs and have, 
consequently, increased the interest and 
acceptance of these systems in North America 
of late,1-5 

The concept of a composite deck is not 
novel - it is most commonly associated with 
steel-concrete composite construction. The two 
materials act in unison and, through composite 
action, the material achieves overall stiffness 
and strength that is superior to that of either of 
the components acting alone. In the case of a 
wood-concrete composite, the concrete slab 
(having virtually no tensile capacity) is used 
predominantly in compression where it has 
superior performance in terms of strength and 
stiffness. The wood (in the form of glue-lami
nated timber or structural lumber) is used pre
dominantly in tension, which provides excep
tional strength and stiffness and results in 
reduced weight when compared to an equiva
lent all-concrete section. The end result is a 
strong, rigid and relatively lightweight deck. 
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FIGURE 1. A wood-concrete composite T-beam deck. 

A significant market for the WCC has been 
established in restoring and upgrading histor
ical buildings in Europe, where WCCs are 
considered "an economical and ecological 
alternative to removing the old floor and 
replacing it with a reinforced concrete slab."6 

Figure 3 shows one such project - a structur
al upgrade for an attic in an historic home in 
Aschaffenburg, Germany. WCCs are used to 
improve serviceability (i.e., deflection and 
vibration). They are also used to upgrade the 
load capacity of old timber floors. The renova
tion process involves installing metal shear 
connectors in the wood members and pouring 
a cast-in-place concrete slab over the existing 
timber floor. The floor (typically timber beams 
with transverse planking) becomes permanent 
formwork. Temporary shoring is generally 
used to support the weight of the wet concrete 
prior to curing and achieving composite 
action. With this process, construction times 
are quick and historical ceilings are preserved. 

Similar opportunities exist for the applica
tion of WCCs in the United States in the 
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restoration of old mills and other industrial 
buildings (particularly in southern New 
England). General interest for reusing old 
structures ( quite often with timber flooring) is 
on the rise as evidenced by local news articles 
(such as in the Boston Sunday Herald and the 
Norwich Bulletin7

'
8

) and feasibility studies (for 
example, by Schreyer9

). Many of these aban
doned buildings are ideally located next to a 
river or in a downtown area and have excel
lent potential for upgrade to residential or 
commercial use. 

There are also reasons to consider WCCs 
for new construction. For instance, for com
mercial floor systems - housing units, 
schools and public buildings - the improve
ment of sound and vibration performance as a 
result of the added mass of the concrete offer 
distinct advantages. WCCs also perform well 
in terms of fire resistance, with an achievable 
rating of up to 90 minutes.10 Concrete has a 
natural high resistance to fire, and large tim
bers form a char that naturally insulates both 
the timber core and any metal shear connec-



<I 

" 

<I 

Reinforced Concrete 
. .4 

.4 

--- --- --Transverse Wood Beam 

.a . Alternating 
2x_ Laminations 

Angle Clip 

FIGURE 2. A wood-concrete composite slab deck. 

tors against high temperatures. In the use of 
pedestrian or vehicular bridge decks, durabil
ity is improved. A fully exposed wooden 
bridge deck will deteriorate from exposure to 
weather as well as from common wear and 
tear. In a wood-concrete composite, the con
crete slab is able to protect the wood beams 
beneath by providing a wear-resistant surface 
from which water can run off. Conceivably, 
preservative treatment for the wood (and the 
related strength loss as well as detrimental 
effects on the environment) could be avoided 
if the wood members could be reliably pro
tected from weathering. 

From a sustainability standpoint, WCCs are 
superior to reinforced concrete or steel options 
due to the environmental merits of wood. In 
addition to recognizing that wood is the only 
primary building material that comes from a 
renewable resource, it is also the lowest in 
energy requirements for its manufacturing 
and life-cycle assessment. Recent studies by 
university and industry research groups in the 
United States (by the Consortium for Research 
on Renewable Industrial Materials [COR
RIM]) and in Canada (by the Athena 
Sustainable Materials Institute) have indicated 

that wood structures possess the least embod
ied energy ( energy used to acquire raw mate
rials as well as to process, manufacture, trans
port and construct) when compared to similar 
structures of concrete or steel. Wood also con
sumes the least amount of operating energy 
(energy used for heating, cooling, lighting, 
etc.). Both embodied and operating energies 
mainly use nonrenewable fossil fuels, which 
release deleterious greenhouse gases (such as 
carbon dioxide and nitrous oxide) into the 
environment. Buildings account for approxi
mately 40 percent of primary energy con
sumption in the United States.11 The need to 
reduce this consumption is widely recognized. 
Even a modest increase in the use of wood 
through WCC construction could help reduce 
the impact of building on the environment. 

The primary drawback to some WCC sys
tems is the added construction time and cost 
required to prepare and/ or install the shear 
connectors. Cost advantages are found, how
ever, in labor savings by using the timber as 
the permanent formwork, using less material 
for foundations as a result of lower floor dead 
loads (wood being lighter than concrete or 
steel), and, in the case of restoration, quicker 
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FIGURE 3. A photo of an attic floor structur
al upgrade of an historic home in 
Aschaffenburg, German, using wood-con
crete technology. 

turn-around times in comparison to floor 
replacement. 

Shear Connectors 
The connector plays an integral role in the per
formance of the composite in its function to 
transfer the shear between the concrete layer 
and the wood members. Consequently, a mul
titude of connectors with a wide range of 
effectiveness have been investigated and 
developed. These connectors are perhaps best 
categorized into four groups: 

• dowel; 
• sheet metal - flat or tubular; 
• shear key with anchor; and, 
• glued-in metal plate connectors. 

These four groups of connectors are illustrated 
in Figure 4. 

Group 1 connectors (for example: nails, 
screws and bolts) have the advantage of being 
uncomplicated to install (particularly for 
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uneven surfaces that are typically encoun
tered in restoration projects). However, they 
are generaH(z considered to be the least rigid of 
all systems 2 and have been corroborated as 
such in comparative studies.13

'
14 A study by 

Ahmadi and Saka investigated various config
urations of high-strength nails, screws and 
bolts and found increases in static four-point 
flexural strength of 55 percent and reductions 
in mid-span deflections in the order of 2.3 

. times when compared to tests with no shear 
connectors.1 Similarly, in another study a 
dowel-type connector in a fiber-reinforced
polymer glulam-concrete bridge girder was 
tested. 15 This study found that "stiffness 
increases of over 200 percent and strength 
gains of over 60 percent relative to the expect
ed response of a noncomposite girder."15 

Currently, screw connectors inserted at ±45° 
are the most commonly used shear fastener in 
Europe.3 

Group 2 connectors have been shown to 
possess higher rigidity, ductility and ultimate 
strength than dowel connectors.14

'
16 The rea

son is that nails and screws typically cause 
wood crushing and ultimately splitting fail
ure, whereas sheet metal connectors (rigid 
rings, in particular) can cause wood shear 
plug failure - a stronger, more rigid mode of 
failure. Hollow cylinders, as well as bent sheet 
metal (truss-plate) connectors, are also apt to 
provide good ductility since the common fail
ure modes are wood embedment, metal shear 
and/ or concrete crushing.17

,
18 

Group 3 connectors - where notches (shear 
keys) have been cut into the wood and have 

· been reinforced with an anchoring device such 
as a post-tensioned bolt or lag screw - have 
been shown to have similar to moderately bet
ter strength and slip resistance than Group 2 
connectors.13

'
14 The horizontal shear forces are 

transmitted through the shear key with little 
interlayer slip, while the dowels work in trac
tion to resist the vertical load component. 
Gutkowski et al. reported the load-slip response 
to be initially linear with abrupt partial failure 
(presumably of the concrete) with a modest 
residual ductile behavior thereafter (presum
ably from yielding of the dowel).19 Further tests 
were performed by Gutkowski et al. on various 
adhesives to study the withdrawal strength of 



a. 
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FIGURE 4. General types of sheer connectors: a) dowel; b) sheet metal; c) concrete shear key 
with anchor; and 4) glued-in metal plate. 

the anchor.20 Disadvantages of Group 3 connec
tors include the deleterious effects of reducing 
wood cross-section as well as a rather compli
cated installation process. 

Group 4 connectors utilize glued-in connec
tors such as a continuous steel inesh, of which 
one half is glued into a slot in the wood while 
the other half is embedded into the con
crete.21,22 These systems are generall/2 consid
ered to possess the greatest rigidity. 2 Studies 
have shown that near-to-full composite action 
can be achieved with this type of connector.5

'
22 

In these studies, failure was intentionally 
induced in the steel plate, as opposed to the 
wood or concrete, in order to attain the superi
or qualities of steel -- good predictability, high 

strength and stiffness, as well as high ductility. 
On-site construction of this system is simple 
and fast relative to other connector systems. 

Design Methodology 
Mechanical Behavior. In general, when a wood
concrete composite is subjected to positive 
bending, the concrete layer experiences com
bined bending and compressive stresses while 
the wood member experiences combined 
bending and tensile stresses. The actual linear 
elastic stress field is dependent on the rigidity 
of the shear connector (see Figure 5). The con
nector transfers longitudinal shear between 
the wood and the concrete. This shear force is 
in equilibrium with the internal normal force 
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w(x) 
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C W N=O 0 ~ N ~ N,nax N = Nmax 

FIGURE 5. The stress field of a wood-concrete composite that is dependent on connector 
rigidity. 

of each component. At the lower bound of 
rigidity, when the layers are not connected, the 
shear and normal forces are zero and the com
ponents are subjected only to bending. The 
upper bound (i.e., full composite action) 
occurs when the layers are rigidly connected 
and act as one unit with no interlayer slip. In 
this case, the shear force is at maximum and 
the components are subjected to maximum 
normal forces and minimum bending 
moments. Full composite action is convenient 
for design purposes because the mechanics 
technique of transformed sections may be 
applied to estimate the stress field. Also, ideal
ly, full composite action is the desired state 
since it provides the most structural efficiency; 
however, zero slip is difficult to achieve in 
practice and most connectors are semi-rigid, 
producing some interlayer slip (i.e., partial 
composite action). 

Design Equations. To date, no design guide
lines are available in the United States for the 
design of wees with semi-rigid connectors. 
Some texts suggest using the method of trans
formed sections - as is done for steel-concrete 
composites, but this method is valid only for 
fully composite sections.23

'
24 The method is 

non-conservative for partially composite sec
tions. 

Design equations for semi-rigid connectors 
are available, however, in the European 
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Standard for Timber Design, Eurocode 5, 
Appendix B.25 It is assumed in the derivation 
of these equations that, for linear elastic 
behavior, the Bernoulli theory of elementary 
mechanics (plane sections remain plane) does 
not apply to the cross-section as a whole, but 
is valid for each component. The stress field is 
the algebraic summation of internal normal 
stresses and bending stresses within each 
component (see Figure 6). 

For a simply supported wood-concrete 
composite beam with span Z, the effective 
bending stiffness, (EI)ef, is calculated as: 

2 

(EI\y= _!(E/i+'YiEiAia/) 
i = 1 

where (referencing Figure 5): 

(1) 

subscripts i = 1 and i = 2 refer to the 
respective component; 

E = modulus of elasticity; 
I = moment of inertia; 
A = cross-sectional area; 
a = distance from centroid of respective 

component to overall neutral axis; and 
'Y = a dimensionless shear connection 

reduction factor. 

The value of 'Yi ranges between O (no com
posite action) and 1 (full composite action) 
and is calculated as: 



1" 
bl 

1t, 
w(x) 

er; (N) er; (Ml) cr1 (M;+ N) 

er, 

hl hl/2 -~ ·.·.:•··~~ .. .-~ 
-.:-q(xJ-,-;- ~vc...-N0 Mc 

t al ....__,_ ..__. 

NA 

a, 

~Vw-+N~Mw h, 
h,/2 

1-x 
crT crh,T cr2,T 

FIGURE 6. The stress field of a wood-concrete composite with semi-rigid connectors. 

where: 
(2) uc = normal compressive stress in the con-

where: 
s = spacing of the connectors; 
K = slip modulus; and 
l = beam span. 

The slip modulus, K, is determined as the 
slope of the load/ slip curve from an experi
mental test. The value of y2 is a constant value 
of 1.0. 

The distance between the centroid of the 
wood member and the overall neutral axis, a2, 

is dependent on the shear reduction factor, y1, 

and is calculated as: 

crete due to the force couple in the 
composite section; 

ub,c = maximum compressive bending 
stress in the concrete due to the force 
couple about the concrete section; 
and 

M = applied moment. 

The maximum tensile stress in the concrete, 
u 1,r, occurring at the lower surface of the con
crete is simply the subtraction of the tensile 
bending stress, ub,T, from the compressive 
stress, uc, in the concrete: 

_ _ M M h1 
0"1,T - Uc- ub,T- (EI)ef 'Y1E1ai- (EI)ef 2 E1 (5) 

y1E1Ai(h1+h2+2t) 
2 

2 ! y1E1A1 

(3) The maximum tensile stress, u2,r, in the wood 
is calculated in a similar manner as: 

i = 1 

where: 
h1 = height of the concrete; 
h2 = height of the wood; and 
t = height of the planking. 

The distance a1 is determined from the geom
etry of the composite beam and Equation 3. 

The maximum compressive stress in the 
concrete, u1,c, occurring at the upper surface 
of the concrete, is calculated as: 

M M h2 
0"2,r= Uy+ ub,T= (EI)ef E2a2+ (EI)ef 2 E2 (6) 

where: 
uy = tensile stress in the wood due to the 

force couple in the composite section; 
ub,T = maximum tensile bending stress in 

the wood due to the force couple 
about the wood section; and 

M = applied moment. 

The maximum beam shear stress - which 
occurs at the neutral axis in the wood compo
nent - can be calculated using: 

CNIL ENGINEERING PRACTICE SPRING/SUMMER 2006 11 



E h2V 
fv = 2(~I)ef 

where: 
V = applied shear force; and 
h = a2 + hi/2 

(7) 

The shear flow, q, in the connector may be 
computed as: 

q = 1'1E1A1a1 V (8) 

(EI)ef 

Design & 
Construction Considerations 
The initial design is typically performed using 
the full concrete height (uncracked section). If 
it is found that tension exists in the concrete, 
this assumption may have to be revised in fur
ther iterations. Consistent with other design 
practices, the modulus of elasticity (MOE) of 
both materials is usually taken as the mean 
value. It is possible to gain in economy by 
staggering the shear fasteners according to the 
shear stress distribution. It is also possible to 
use more than one row of fasteners, particu
larly under concentrated loads or at the sup
ports - if wood thickness permits. The 
designer is advised to check code require
ments or product specifications issued by a 
fastener manufacturer as to the permissibility 
of this practice. 

Long-term system performance of WCCs is 
not, as yet, well understood, particularly for 
fluctuating outdoor climates. It is known that 
wood and concrete exhibit creep under pro
longed loading. For both materials, the 
amount of creep-related deflection is a func
tion of load duration as well as the applied 
stress level. For wood, however, its creep 
behavior is also influenced by moisture and 
temperature changes due to its hygroscopic 
nature. While temperature has a negligible 
influence under normal service conditions,26 

elevated moisture levels and particularly 
changes in moisture content can create deflec
tions in the range of three to four times the 
instantaneous creep.27 Since wood and con
crete are adjoined in a WCC, different creep 
rates (concrete creeps faster than wood) may 
also have a detrimental effect, particularly in a 
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range between three and seven years of serv
ice.27 In addition to magnified deflections, the 
differential creep also tends to migrate inter
nal forces from the concrete to the wood, lead
ing to higher stresses in the wood.12 

A common approach to estimating the 
long-term behavior ( deflection and stresses) 
of a wood-concrete system is through the 
reduced-modulus method where the modu
lus of elasticity for each material is reduced 
to account for creep.12 Although this simpli
fied approach may be adequate for constant 
environments (such as indoors), it has been 
shown that seasonal climate changes, such as 
what would occur for a bridge structure, may 
lead to a more unfavorable creep behavior, 
which cannot accurately be estimated by the 
reduced-modulus method.27 Further investi
gation is necessary in this area and work is 
currently being carried out by several 
researchers. 28-30 

With reference to Group 4 connectors, there 
are some limitations to using adhesive in 
structural assemblies. For example, the use of 
dry wood (i.e., old interior timbers or kiln
dried new material) is generally a necessity for 
adequate adhesive bonding. Another draw
back is the uncertainty of how the glue per
forms under temperature fluctuations (i.e., 
outdoor climate or fire) or under long-term 
loading. For example, standard light-frame 
construction adhesive is often neglected in 
strength or deflection calculations for medium
to long-duration loads such as dead or floor 
live load. However, a wide array of high
strength adhesives exist that are well suited to 
structurally demanding applications. For 
example, in concrete construction, anchoring 
epoxies are commonly used and, in wood con
struction, phenol resorcinol adhesive has 
undergone extensive research (and more than 
100 years of service in glulam) to prove its reli
ability for structural use. Comprehensive 
understanding of the adhesive's behavior is a 
critical component of the development of this 
connector system and, to that end, testing is 
ongoing at the University of Massachusetts, 
Amherst. 

Ease of installation is often a decisive factor 
when choosing a shear connector. While 
Group 1 fasteners are uncomplicated to install 



and do not require routing of the wood (as 
would Group 3 connectors), usually a large 
number of fasteners are necessary - meaning 
substantial nailing, screwing or pre-drilling 
with subsequent insertion of the dowel. A 
more labor-efficient approach is employed for 
a Group 4 connection system, where only 
three steps are needed:22 

1. Cut a 3.5-millimeter (0.14-inch) wide 
and 40-millimeter (1.6-inch) deep saw kerf 
in the wood member. 

2. Place glue into the kerf. 
3. Push the steel sheet into the assembly. 

Both Steps 1 and 2 are continuous processes 
that can be simplified greatly by power 
tools. 

In many structures, the horizontal structur
al elements (floors, roof) are used to transfer 
wind loads to vertical load-resisting elements 
(for example, shear walls). When a floor acts 
in this manner (as a diaphragm), its in-plane 
stiffness is the determining factor as to how 
much load each shear wall will receive. If a 
diaphragm is rigid, interior and exterior shear 
walls typically experience similar loads. If the 
diaphragm is flexible, however, interior walls 
tend to receive higher loads than external 
walls. The addition of a monolithic concrete 
slab on top of the wooden beams in the WCC 
system increases in-plane stiffness and pro
vides a more rigid diaphragm than a wooden 
floor system with decking alone. Thus, when 
used to renovate masonry buildings with 
wooden floors (such as mill buildings) the 
effects of the increased diaphragm rigidity on 
the lateral load-resisting system of the build
ing should be considered. 

The fire performance of the wood-concrete 
system needs to be evaluated with regard to 
three characteristics: 

• smoke impermeability; 
• thermal insulation; and, 
• structural stability and strength. 

In regards to smoke impermeability, the mono
lithic concrete slab of the WCC is very effective 
in preventing smoke from permeating 
between floors. However, as with any floor 

system, proper detailing must be provided at 
openings that penetrate the slab. Regarding 
thermal insulation, the thermal properties of 
each material must be considered separately. 
Typical thermal conductivity, k, for concrete is 
5 to 10 Btu/ft2/°F/in/hr and for wood 1 to 2 
Btu/ft2/°F/in/hr.31 This difference favors the 
slab-type WCC system (see Figure 2), where 
the solid wood slab provides a highly effective 
thermal barrier between floors. Also, since the 
(usually metal) WCC-connector is typically 
inserted into the center of the top side of a 
beam, it is embedded enough into the wood 
and the concrete to have sufficient insulating 
material around it. In terms of structural sta
bility and strength, two strategies can be pur
sued. For the first strategy, it is important to 
note that during a fire, the cross-section of a 
wooden member is reduced at a very consis
tent rate of approximately 0.6 millimeters 
(0.023 inches) per minute on average.32 The 
undestroyed core remains fully capable of car
rying load. If the wood cross-sections (for 
either WCC system) are increased by the nec
essary amounts, fire-resistance ratings of 1 
hour can easily be achieved. An increase• in 
cross-sections will likely also yield dimensions 
beyond the 140 millimeters (6 inches nominal) 
that many building codes require for a "heavy 
timber" designation. An alternative approach 
is to use other methods of fire protection (for 
example, spray-on fireproofing, suspended 
ceilings and sprinklers) in conjunction with a 
wee system. 

With respect to construction, several issues 
should be considered. The slab is typically cast 
in place and transverse planking acts as per
manent formwork as well as the finished ceil
ing. To reduce the service load stresses, tem
porary shoring may be used to support the 
weight of the timber beams and wet concrete 
prior to curing. After the concrete cures, the 
shores are removed and the section acts com
positely to resist all loads. 

It is important to protect the wood from 
direct contact with wet concrete either during 
concrete curing or in service. Wet wood can lead 
to excessive deflection and, if not dried prompt
ly, decay. Wood protection is usually assured by 
placing a water barrier film on top of the plank
ing (typically one or two layers of 0.2-millimeter 
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Wood Beam, 89 x 235 (mm) ("4x10") 

FIGURE 7. An example application of a commercial wood-concrete floor (all dimensions are 
in millimeters). 

[0.008-inch] polyethylene [PE] foil). When 
Group 4 connectors are used, any cuts in the foil 
from cutting the saw kerf for the connector may 
be sealed by extra glue squeezed out from the 
placement of the connector. 

Other construction issues for WCCS are: 

• long-span applications are often designed 
with some camber to offset dead load 
deflection; 

• adequate bearing surface should be pro
vided to avoid wood crushing at the sup
ports; and, 

• a small ventilation gap should be provid
ed around timber beams that rest in 
masonry pockets. 

If the composite section design check indicates 
that the concrete slab acts fully in compres-
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sion, then only minimum reinforcement (to 
prevent cracking) is required. 

Design Example 
The following design example outlines a sug
gested allowable stress design (ASD) proce
dure for a WCC floor with semi-rigid con
nectors. This approach is used (as opposed to 
a load and resistance factored design [LRFD] 
method) because the WCC system is relative
ly new and strength reduction factors, used 
to calibrate the LRFD method, are not avail
able. Design of the wood component follows 
the 2001 National Design Specification 
(NDS) for Wood Construction,33 the concrete 
properties derive from ACI 318-0234 and 
loads are applied in accordance with the 2003 
edition of the International Building Code 
(IBC).3s 



Figure 7 shows a typical com
mercial application of a wood-con
crete floor spanning 7 meters (23 
feet) with a 63.5-millimeter (2.5-
inch) thick medium density con
crete slab. The wood beams (visual
ly graded southern pine, No. 1 
dimension lumber) are spaced at 
610 millimeters (24 inches) on cen
ter. They are 89 millimeters (3.5 
inches) wide by 235 millimeters 
(9.25 inches) deep (i.e., nominal 4 
by 10s). The planking is 19-millime
ter (0.75-inch) thick plywood (such 
as a 24/32 structural panel). The 
dead load on the assembly is 1.06 
kN/m (72.6 plf). Live load is the 
minimum uniformly distributed 
load per the me for offices - 1.46 
kN/m (100 plf). The composite 

FIGURE 8. Connector detail for the example applica
tion. 

beams will be supported on temporary 
shoring while the concrete cures so that the 
composite section will act to resist all dead 
and live loads. If the construction were with
out temporary shoring, the wood beams 
would be required to act non-compositely (i.e., 
by itself) to support the weight of the wet con
crete as well as any formwork and its self 
weight. 

Material Properties. The material properties 
of the medium-density concrete are: modulus 
of elasticity, E1, of 23,000 MPa (3335.9 ksi); and 
a specified compression strength, f' c, of 25 
MPa (3625.9 psi). 

The material properties of the wood (No. 1 
grade southern pine) used: modulus of elastic
ity, E2, of 11,700 MPa (1696.5 ksi); unadjusted 
parallel to grain tension strength, F1, of 7.24 
MPa (1050.1 . psi); unadjusted bending 
strength, Fb, of 12.76 MPa (1850.7 psi); and, 
unadjusted shear strength, Fv, of 1.21 MPa 
(175.5 psi). 

The connector to be used in this floor (see 
Figure 8) is a glued-in expanded-metal plate 
with a total connector slip modulus, K, of 
415,460 N/mm (2.37 X 106 lb/in) and 
strength, Q, of 279 N per millimeter length 
(1593 lb per inch length) of connector.22 Both 
properties are average values determined 
from experimental tests using a connector 
length of 400 millimeters (15.7 inches). The 

equivalent slip modulus K per millimeter 
length of connector (or beam) is calculated as 
1039 N/mm per millimeter length (151 X 103 
lb/in per inch length). 

It is noted that to provide adequate pro
tection of the glued connection against fail
ure, a minimum cross section of 80 by 80 
millimeters (3.1 by 3.1 inches) should be 
used for the wooden beams.36 Doing so pre
vents the use of this wee connector (with
out modification) in residential construc
tion, where floor joists commonly measure 
38.l millimeters (1.5 inches) in width. 
Primary applications are in heavy-timber 
construction, upgrading of mill buildings or 
other commercial construction. 

Composite Factors. Using Equation 2, the 
reduction factor, y1, is found to be equal to 
0.85. This value is a highly favorable result in 
light of the fact that as y1 approaches 1, the 
system approaches full composite action. 
Moreover, for nails and screw type connectors, 
the factor is typically much less - with y1 
between 0.1 and 0.4.37 

Using Equation 3, and given A1 equal to 
38,735 square millimeters (60 square inches) 
and A2 equal to 20,915 square millimeters 
(32.4 square inches), the distance between the 
centroid of the wood member and the overall 
neutral axis, a2, is calculated to be 127.3 mil
limeters (5 inches). Using this result in 
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FIGURE 9. Effective bending stiffness as it varies with the shear reduction factor, -y1• This 
plot shows the high efficiency of glued-in metal plate connectors in comparison with dowel 
connectors. 

Equation 1, and given a1 equal to 41.0 mil
limeters (1.6 inches), 11 would be 1.3 X 107 

mm4 (31.2 in4
) and 12 equal to 9.63 X 107 mm4 

(231.4 in4
) the effective bending stiffness, 

(EDei: equal to 6.66 X 1012 N ·mm2 (2.32 X 109 

lb·in2
). 

Figure 9 gives a visual depiction of the 
efficiency of this connector for this applica
tion. The graph plots the increase of effec
tive bending stiffness, (El\p with -y1• For the 
given application, the effective bending 
stiffness, (El\p would be 6.66 X 1012 N ·mm2 

(2.32 X 109 lb·in2
), which is 97 percent of (or 

3 percent softer than) that of the most effi
cient wood-concrete system (i.e., when -y1 is 
1) where (EI)ef is 6.89 X 1012 N ·mm2 (2.40 X 

109 lb·in2
). 

Strength Analysis (t equal to 0, Short-Term). In 
terms of wood tensile failure, a linear interac
tion formula is employed: 
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where: 
<Yy = tensile stress in the wood due to the 

force couple in the composite section; 
ub,T = maximum tensile bending stress in 

the wood due to the force couple 
about the wood section; 

F/ = allowable parallel-to-grain tensile 
stress; and 

Fb * = allowable bending tensile stress with
out adjustment for lateral stability. 

For applied stress, the governing load com
bination is w equal to D plus L. Hence, the 
maximum applied moment, M, is equal to w·z2 
divided by 8, or 1.55 x 107 N·mm (1.37 X 105 

lb·in). Using Equation 6 and knowing that a2 is 
127.3 millimeters (5 inches) and (EI)efis 6.66 X 



1012 N·mm2 (2.32 X 109 lb·in2
), then <l'y would 

be 3.45 MPa (500.4 psi) and <l'b,r would be 3.19 
MPa (462.7 psi). 

In terms of strength, the allowable parallel
to-grain tensile stress, F/, would be 
F1CvCMCtCFCi where the C-factors represent 
adjustment factors to account for load dura
tion (Cv), moisture (CM), temperature (C1), 

member size (Cp) and incising (CD. Assuming 
a dry service condition, normal temperature 
range and untreated material, all adjustment 
factors default to 1.0. Therefore, Ft' is F1, or 
7.24 MPa (1050.1 psi). 

The allowable bending tensile stress with
out adjustment for lateral stability, Fb *, would 
be F1CvCMCtCFCiC, where the C-factors are as 
noted as above but also include a factor to 
account for repetitive member design (C,). In 
this case, the only applicable factors are CF 
equal to 1.1 and C, equal to 1.15. Therefore, Fb * 
is FbCFC,, or 12.7 MPa · l.1 · 1.15, which is 16.07 
MPa (1842 psi·l.1 ·l.15, or 2330.8 psi). 

Finally, using the interaction equation: 

In terms of wood shear failure, the maxi
mum shear stress in the wood, fv, is checked 
against the allowable shear stress, F /: 

For applied stress, the maximum design 
shear in the beam is V equal to w ·l divided by 
2, or 8.84 kN (1987.3 lb). The corresponding 
applied shear stress,fv, is 0.46 MPa (66.7 psi). 

For strength, the allowable shear stress, F v', 
is equal to FvCvCMCtCi where the C-factors rep
resent adjustment factors as noted above. In 
this case, all factors default to 1.0. Therefore, F / 
equals Fv, or 1.21 MPa (175.5 psi). 

Considering the design equation (Equation 
7) for shear: 

E h2V 
fv = 

2
/EI)ef = 0.46 MPa ~ Fv'= 1.21 MPa 

(66.7 psi ~ 175 psi) ➔ okay 

In terms of concrete compressive failure, 
the maximum compressive stress in the con
crete, <l'1,c, is checked against the allowable 

concrete compressive strength, Fe: 

For applied stress, given the applied 
moment, M, of 1.55 X 107 N·mm (1.37 X 105 

lb·in), a2 of 127.3 millimeters (5.0 inches) and 
(EI)ef of 6.66 X 1012 N·mm2 (2.32 X 109 lb·in2

) 

and using Equation 4, then <l'1,c is equal to 3.56 
MPa (516.3 psi). 

The allowable concrete compressive 
strength, Fe, is assumed to be one-half the 
specified compressive strength, f' e· 

38 

The design check for concrete becomes: 

<l'1,c = 3.56 MPA ~ Fe = 12.5 MPa 
(516.3 psi ,,;; 1813 psi) ➔ okay 

In terms of concrete tensile failure, the max
imum tensile stress in the. concrete, <l'1,r, is cal
culated using Equation 5. Given the applied 
moment, M, of 1.55 X 107 N ·mm (1.37 X 105 

lb·in), a2 of 127.3 millimeters (5.0 inches) and 
(EI)ef of 6.66 X 1012 N·mm2 (2.32 X 109 lb·in2

), 

then <l'1,r is equal to 0.17 MPa (24.7 psi) in com
pression. Hence, the concrete slab is subjected 
to compression stresses exclusively and tensile 
failure is not a consideration. 

In terms of connector shear failure, the 
maximum shear flow in the connector from 
the applied loads, q, is checked against the 
allowable shear capacity of the connector, Qa: 

For applied stress, the maximum applied 
shear force, V, is 8.84 kN (1987.3 lb). Using 
Equation 8, the maximum shear flow experi
enced by the connector, q equals 41.3 N /mm 
(235.8 lb/in). 

The allowable connector strength, Qw is 
assumed to be one-third the specified shear 
strength, Q. 

The design check for the connector is thus: 

q = 41.3 N/mm ~ Qa = 93.0 N/mm 
(235.8 lb/in ,,;; 531.0 lb/in) ➔ okay 

Serviceability Analysis (t equal to 0, Short
Term). Because the floor is temporarily shored, 
the composite section is expected to carry both 
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the dead load and the live load. Consequently, 
the effective stiffness of the composite section 
- (EI)ef equals 6.66 X 1012 N·mm2 (2.32 X 109 

lb·in2
) - is used to calculate live load deflec

tion as well as dead load deflection. 
The dead load deflection, L10 v is calculated 

thus: 

5wL4 5(1.06)(7000)4 

L1 -----=------m- 384(EI)ef 384(6.66)(10)12 

= . mm ------ = 0.20 m 5 0 
( 

5(6.05)(275.6)4 
) . 

384(2.32)(10)9 

If desired, the composite beam can be manu
factured with a camber to offset this deflec
tion. 

The live load deflection, L1Lv is calculated 
thus: 

5wL 4 5(1.46)(7000)4 

L1 -----=------
LL - 384(EI)ef 384(6.66)(10)12 

= . mm ------ = 0.27 m 6 8 
( 

5(8.34)(275.6)4 
) • 

384(2.32)(10)9 

One of the primary advantages of a wood
concrete system is the superior stiffness 
afforded by composite action. In this exam
ple, the live load deflection is relatively 
small, providing a serviceability of L/1029. 
In comparison, code guidelines for deflec
tion limits typically suggest that for walking 
comfort (or to avoid plaster cracking) of 
commercial beams, the live load limit can be 
as much as L/360. 

Strength & Serviceability Analyses (t equals oo, 

Long-Term). No consensus among researchers 
has been reached for estimating the long-term 
performance of WCC beams. As noted above, 
one common approach has been to approxi
mate the creep behavior by reducing the mod
ulus of elasticity for each material. For steel
concrete construction, the ACI-ASCE Joint 
Committee recommends using Ec/2 as the 
concrete modulus of elasticity instead of Ee 
when calculating sustained load creep deflec
tion. 39 The AASHTO Bridge Design 
Specification, Section 10.38.1.4, suggests using 
EJ3.40 The European Code recommends 
using creep factors developed through load 
duration studies to reduce the moduli of the 
respective materials.25 In absence of an estab-
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lished approach, the European method is 
adopted for this example (see Table 1). 

Further Analysis. In addition to the afore
mentioned design checks, the analyses on the 
following items should also be performed (as 
appropriate): 

• wood bearing at the supports; 
• planking between beams; and, 
• concrete plate between beams. 

Lateral stability of the wood beams is provid
ed through the concrete slab - therefore, a 
design check on that item should not be nec
essary. 

Conclusion 
WCC floor systems make use of a well estab
lished mechanics principle - that of compos
ite action. Composite action is developed 
when two materials are integrally connected 
and deflect as a single unit, which results in a 
floor that exhibits greater strength and stiff
ness than a floor where the supporting mem
bers act independently. Direct advantages of 
composite design include increased floor stiff
ness, increased span length, shallower floor 
beams and/ or reduction in weight of the floor 
system. Advantages also stem from the inte
gration of wood with concrete - adding con
crete to a timber floor will naturally improve 
sound and vibration performance as well as 
fire resistance and durability. This system also 
provides the aesthetics of a finished wood ceil
ing directly after the completion of the pri
mary structural members. Furthermore, the 
inclusion and promotion of wood into a struc
tural system generally delivers environmental 
benefits. 

A mechanical shear connector is used to 
resist the horizontal shear that develops dur
ing bending. Several options exist and differ
ent connector systems provide different levels 
of composite action. While it is acceptable to 
use transformed-section analysis for steel-con
crete composites, which can acquire full com
posite action, this procedure is not appropri
ate for WCCs, which typically exhibit only 
partial composite action. There is a need in the 
United States for an adequate design method 
that can account for semi-rigid shear connec-



TABLE 1. 
Long-Term Strength & Serviceability Analyses 

Given: 

<p 1 = creep factor for concrete for permanent loads = 2.25 

El(,educed! = E,/(1+<p 1) = E,/(1+2.25) = 23,000/3,25 = 7077 MPa (3335.9/3.25 = 1026.4 ksi) 

<p2 = creep factor for timber for permanent loads = 0.25 

E2rreduced! = E:/(1 +</J2) = E:/(1 +0.25) 11,700/1.25 = 9360 MPa (1696.9/1.25 = 1357.5 ksi) 

(El)ef(reduced) = 4. 16 X 1072 N·mm2 (1.45 X 109 lb·in2
) 

Strength 
(Calculated in manner analogous to the aforementioned design checks.) 

Wood: 

Bending & Tension: 

(}"; + (}"b,.r = 3.34 + 4.09 = 0.72 ,;;; 1 ( 484.4 + 593.2 = 0.72 ,;;; 1 ) ➔ okay 
Ft Fb 7.24 16.07 1050 2330.8 

Shear: 

fv = 0.46 MPa ,;;; fv' = 1.21 MPa (66.7 psi ,;;; 175.5 Psi) ➔ okay 

Concrete: 

Compression: 

(}",,c= 2.64 MPa,;;; Fe= 12.5 MPa (382.9 psi,;;; 1813 psi) ➔ okay 

Tension: 

(}"1,r = 0.97 MPa (140.7 psi) in compression ➔ okay 

Fastener: 

Shear: 

q = 40.0 N/mm,;;; Q. = 93.0 N/mm (228.4 lb/in,;;; 531.0 lb/in) ➔ okay 

Deflection 
For sustained load deflection, only the dead load need be considered: 

'Li =---=----- =8.0mm ------ =0.31 in 
5wL 4 5(1.06)(7000)4 ( 5(6.05)(275.6)4) 

DL 384(El)ef 384(4.16)(10)12 384(1.45)(10)9 

This creep deflection represents a serviceability of L/875 and is acceptable. 
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tors for the design of WCCs. Suggested design 
equations from the European Standard for 
Timber Design, Eurocode 5, Annex B have 
been presented herein and have been used to 
demonstrate a sample design analysis of a 
typical commercial WCC floor structure.25 

Research is currently underway in many 
places throughout the world to better under
stand aspects of WCCs. A major focus has 
been placed on studying and modeling rhea
logic (time-dependent) behavior. Not know
ing the long-term performance of WCCs, par
ticularly outdoors under fluctuating moisture 
conditions, is a barrier to widespread use of 
these systems. Other issues specific to the 
shear connector, such as adhesive perform
ance or connector dimensions, are also being 
examined by individual researchers. 
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Overview 

The Effective Use of 
Commercial Computer 
Software for the 
Structural Design of 
Buildings 

While past developments in 
structural software provided 
modest gains on the design 
process, new developments may 
require engineers to redefine 
their roles and responsibilities. 

JAMES C. PARKER, PEDRO J. SIFRE & 
MICHAEL J. BOLDUC 

To state the obvious, historical records 
show that there are many fine examples 
of structural engineering achieved prior 

to the use of computers in engineering. A cou
ple of these notable structures are the 
Brooklyn Bridge (in 1883) and the Empire 
State Building (in 1931). Thousands of more 
humble yet equally successful examples exist. 
These works are a result of sound structural 

design without the use of commercial com
puter software. Before computers, engineers 
used empirical design rules, approximate 
analysis methods, rules-of-thumb and their 
engineering experience and judgment. Many 
of these structures may be conceptually very 
simple compared to modern-day counterparts 
such as the Boston Convention & Exhibition 
Center or the Ray and Maria Stata Center at 
the Massachusetts Institute of Technology. 
Perhaps computer analysis of some historic 
structures can demonstrate a degree of over
design or· a flawed understanding of stresses 
and strains. Yet structural design achieve
ments before the use of computers are still 
very impressive and many would be impres
sive if engineered today with modern com
puter tools. 

Whereas engineers in the past (before com
puters) needed practical means and methods 
to arrive at a design,·today's engineers need 
similar practical means and methods to check 
designs derived from computer software and 
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to better understand the structure. Some of the 
knowledge base used in the nineteenth and 
early twentieth centuries is preserved in vol
umes like the Kidder-Parker Architects' and 
Builders' Handbook. 1 These resources are full of 
interesting engineering approaches and 
empirical design. Although, today, engineers 
are less likely to need to design an unrein
forced masonry arch or other archaic systems, 
there is a need to know the reasonable limits 
and capabilities of modern structural systems. 

Given enough time and money, engineers 
today should be able to achieve excellent struc
tural designs without computers for the vast 
majority of building structures. However, 
today's market does not give the structural 
engineer that luxury. It is safe to say that com
puters and state-of-the-art design software is a 
must in the modern structural engineer's 
office. Not because the complexities of the 
structure demand it (few do), but because the 
market demands the productivity that such 
tools make possible. As code-required load 
and design rules get more and more compli
cated, engineers will need to increasingly rely 
on computers for productivity gains. However, 
many should be able to continue to perform 
adequate designs using approximate methods 
without computers. Most engineers have a 
sense of pride about this ability, if they have it. 
Whether young engineers today have it or will 
develop it depends on the effectiveness of 
training and on the effective use of commercial 
design software. The amazing productivity 
gains that current and future design software 
provide must become a means to free the engi
neer from the drudgery of code checking, 
numerical accounting and the anxieties of 
mathematical errors, and provide the engineer 
with a greater, not lesser, understanding of the 
structure and its performance. 

As the engineering and construction indus
tries continue to develop new materials and 
new and creative ways to use them, engineers 
will need to develop new rules-of-thumb, 
approximate methods and/ or empirical 
designs for these materials and systems. In 
the past, engineers needed simple, practical 
methods because they did not have comput
ers or an easily accessible wealth of informa
tion. Nowadays, however, engineers need 
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simple, practical methods to deal with the 
computers and an overwhelming amount of 
information. 

It is also important to note that the impact 
of the personal computer (PC) on the design 
process goes far beyond that of engineering 
analysis and design software. Word process
ing, spreadsheets, office networks, data from 
the Internet and email have increased produc
tivity and changed the way engineers work 
just as these technologies revolutionized the 
way almost all professional services do busi
ness. 

Historical Perspective 
The Design Process Before Computers Were Com
mon. Although analysis programs were avail
able for the structural engineer to use on a 
mainframe computer in the 1960s, computer 
technology did not have a major impact on the 
majority of engineering offices until the 
advent of the PC. Before the PC, the engineer 
performed analysis and design "by hand," 
and the engineer and the architect hand-draft
ed the contract drawings. Information was 
exchanged in face-to-face meetings, telephone 
calls and via sketches. Proximity of the engi
neer to the architect was important for the 
speed of design production. But even with 
engineers working in the same office with 
architects (as is done in architectural-engineer
ing firms), the pace of design production 
could not match that of today. Changes took at 
least the time to re-draft the documents and 
even longer for changes that required re
analysis by the engineer. The amount of work 
behind each change led to a more deliberative 
design process. These time and labor demands 
did not decrease (and even increased) for 
those projects using early applications of the 
mainframe computer for which the engineer 
had to purchase precious computer time. 

For a project's schematic design, the struc
tural engineer's deliverable was usually limit
ed to the selection of structural materials and 
systems. The structural engineer sketched a 
typical bay of framing and worked closely 
with the architect to identify conditions where 
the typical bay of framing required adaptation 
to fit the architecture. The engineer used 
approximate techniques and/ or judgment to 



identify important structural parameters for 
the architect (such as the location of braced 
bays, shear walls or moment frames; depths of 
floor framing; and load criteria). The structur
al engineer would start drawing production 
during the design development phase of the 
project. By that time the architect had provid
ed the engineer with plans, building eleva
tions and some preliminary wall sections. The 
engineer would periodically get drawings 
from the architect throughout the design 
development and construction document 
phases as the architect added information. The 
engineer continued to lay out the framing 
modifying the "typical bay" to match the 
architecture and performed analysis and/ or 
empirical design to prove out the framing. It 
was not uncommon to have a fair degree of 
"over-design" in the typical conditions that 
allowed the engineer to apply the same 
designs to other variants without re-analysis. 

Young designers today may not appreciate 
the process and time involved in the design of 
structural members without the use of com
puter software. For a building with a structur
al frame, three major parts comprise the 
design process: gravity design of columns, 
gravity design of floor framing and the design 
of the lateral-load-resisting system. A typical 
"design-by-hand" process could be summa
rized as: 

Columns - After locating columns in 
collaboration with the architect, the struc
tural designer calculates column gravity 
loads for each column. Although not neces
sarily a precise method of computing loads, 
tributary areas are calculated at each floor 
for each column to determine gravity axial 
loads in the columns. The loads are tabulat
ed for each column at each floor for each 
load type - dead, live and roof live. The 
cumulative load in each column is modified 
as allowed by building code live load 
reduction provisions. Gravity forces from 
the floor framing analysis, as well as forces 
from the lateral load analysis, are combined 
together in accordance with the particular 
design code. Member selection is generally 
arrived at by selecting a trial member size 
and then calculating all necessary design 

checks. Alternate member sizes are selected 
until the designer is satisfied with the 
results of the design checks. 

Floor Framing - For each floor member, 
the designer calculates tributary gravity 
loads. The designer then calculates shears 
and moments for each member. Forces from 
the lateral load analysis are added if the 
member forms part of the lateral-load
resisting system. Again, the forces are com
bined in accordance with the design code, 
and a trial member's strength and deflec
tions are checked for code conformance. 

Lateral-Load-Resisting System - The 
process includes calculating and distribut
ing wind and seismic forces to the lateral
load-resisting frames. Of course, this 
process is iterative since the member sizes 
affect the relative stiffnesses of the frames 
and, thus, the distribution of forces among 
them. Member sizes must generate frames 
with sufficient lateral stiffness as well as 
conform to code strength checks when 
combined with gravity loads. 

Consider the time needed for this process 
for each member in a large-scale building. As 
described above, the process requires itera
tions of calculations. Now, consider the addi
tional iterations when the architecture and/ or 
owner requirements are changing and devel
oping during the design. 

Before computers, the experience and apti
tude of the structural designer had a tremen
dous impact on the time and quality of design. 
A good designer knew the design codes so 
well that many load combinations and design 
checks · that would not affect the structure 
could be eHminated. Experience also came 
into play in evaluating the impact of a pro
posed change by the architect, and, if neces
sary, into defining the scope of any re-analysis 
and rechecking of code provisions for the 
areas affected by the change. For most proj
ects, the degree of structural optimization 
relied on the experience and judgment of the 
designer. 

Finally, consider the computational efforts 
needed for the above process to show compli
ance with modern codes. Earlier codes had 
simpler methods for developing loads, fewer 
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TABLE 1. 
Wind Loads From the 1970 Boston Building Code 

, (for Minimum Wind ~ressures for Height & Area Locations) 

P (lbs/fe) 
Height (ft) A B C 

0 to< 25 20 20 20 

25 to< 50 25 25 20 

50 to< 100 30 25 20 

100 to< 150 35 30 20 

150 to< 200 45 30 20 

200 to< 300 45 35 25 

300 to< 400 45 40 30 

400 to< 500 55 45 35 

500 to< 600 55 50 40 

600 to< 700 55 55 45 

700 to< 800 65 60 50 

800 to< 900 65 65 55 

900 to< 1000 65 65 60 

1000+ In accordance with sound engineering principles approved by the build-
ing offical 

Note: From Ref. 2. 

load combinations and, often, much simpler 
member stress checks. For example, compar
isons between the 1970 Boston Building Code 
(BBC) and the provisions of the 2003 Interna
tional Building Code (IBC), including the 
American Society of Civil Engineers -
Minimum Design Loads for Buildings and 
Other Structures (ASCE 7-02), illustrate the 
changes in the procedures and changes in 
what calculations would be necessary.2

'
3 These 

comparisons lend support to the argument 
that today's computer-aided design software 
is not only a means of achieving productivity, 
but is also a practical necessity to avoid com
putational error~ given the context of structur
al design today that includes complex codes, 
complex designs and fast-track construction. 

Wind Loads - BBC 1970. Minimum wind 
pressures for a building are prescribed in a 
simple table. Based on building location and 
height, the design pressure (distributed two
thirds windward and one-third leeward) for 
vertical building surfaces is explicitly listed. 
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The only wind load combination accounts for 
wind acting simultaneously on two perpendi
cular walls. In this case, a percentage (70 per
cent) of the design pressure shall be applied to 
each wall, with no further analysis required 
(see Table 1). 

Wind Loads - IBC 2003. The IBC 2003 refer
ences ASCE 7-02 for wind load provisions. 
Calculations of design wind loads under these 
elaborate provisions include factors for basic 
wind speed (based on a 3-second gust), wind 
directionality, building importance, exposure, 
topography, gust effects, building enclosure, 
and internal and external pressure coeffi
cients. The procedure to determine the code
prescribed wind pressure includes numerous 
tables, nomographs, figures and formulas. 
There are also multiple load cases that must be 
included to account for various wind load 
directions and load distributions. The code 
does provide simplified wind load provisions 
for regular buildings that are less than 60 feet 
tall, but still requires considering multiple fac-



p = qGCP - q;(GCp;) (lb/ft2)(N/m2
) 

qz = 0.00256_ K,KztKd V21 (lb/ft2) 

(Eq. 6-1 7) 

Kzt = (1 + K1K2K/ K2 = (1- ~t ) . K3 = e-yzllh 
100(45) 

12 = c(33/z)116 

( 
(1 + 1.7g012Q)) 

G = 0.925 1+1_7g I-
v z 

Q = 1 (B+h r63 
1+0.63 T 

Lz = e(z/33)• z 

Wall Pressure Coe lfic1ents C. 
Suriace l/B c. Use With 

Windward Wall All Values 0.8 q, 
0-1 -0.5 

Leeward Wall 2 -0.3 qh 
;,,4 -0.2 

Enclosure Classification GCpi 
Side Wall All Values -0.7 qh Open Buildings 0.00 

Partially Enclosed +0.55 
Buildings -0.55 

Enclosed Buildings +0.18 
-0.18 

From Ref. 3 

FIGURE 1. ASCE 7-02 wind load formula examples. 

tors and load conditions that were not consid
ered in previous codes (see Figure 1). 

Seismic Loads - BBC 1970. Seismic loads ref
erence the 1967 Uniform Building Code for 
earthquake loads and prescribe the use of Zone 
2. The base shear is calculated using the for
mula, V = ZKCW. The factors (Z, K and C) 
determine the base shear as a percentage of the 
overall building mass (W) by accounting for 
the zone location (Z), the lateral force resisting 
system (K) and the period of the building (C). 
A simplified equivalent lateral force procedure 
distributes the base shear to each level of the 
building using the mass of each level. The code 
also includes a provision for horizontal tor
sional moments due to offsets between the cen
ter of mass and the center of rigidity. 

Seismic Loads - IBC 2003. The IBC 2003 ref
erences ASCE 7-02 for seismic load provisions. 
The seismic loads are based on the maximum 
considered earthquake ground motion accel
erations and response spectra. The procedure 
accounts for site classification, short and long 
periods, seismic design category, type of later-

al force resisting system and structural irregu
larities. The equivalent lateral force procedure 
is still used to determine the total base shear 
on the building and then distribute it vertical
ly to each floor based on mass. The code also 
has numerous specifications for detailing and 
design requirements for building components 
and behavior such as drift, P-Delta effects, 
soil-structure interactions and accidental tor
sion due to offsets between the center of mass 
and the center of rigidity. 

Load Combinations - BBC 1970. The code is 
based on working stress design and requires 
that the engineer consider the combined 
effects of lateral and· vertical loads. The main 
gravity loads including dead, live and snow 
loads are considered as cumulative. There is 
an allowance to reduce live loads for members 
with large tributary areas such as columns and 
some girders. Lateral loads such as wind and 
seismic loads are not required to be consid
ered simultaneously, but they are additive to 
the gravity loads. Since the lateral loads are 
transient, the code permits a one-third 
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increase in the allowable working stress of the 
structural materials. The load combinations 
are, therefore, simple enough to be done by 
hand. Using engineering judgment, the design 
engineer can determine the governing load 
combination in each direction and limit the 
load combinations to just a few cases includ
ing gravity alone, and combined gravity and 
maximum lateral load in each direction. 

Load Combinations - IBC 2003. In modern 
codes, the design engineer can choose to 
design the structural members using the 
allowable stress design (ASD) method or the 
load and resistance factor design (LRFD) 
method. However, new codes require consid
ering a greater number of combinations of var
ious gravity and lateral loads. Load combina
tions for both ASD and LRFD methods include 
a number of gravity-only cases with different 
factors placed on each load case. When lateral 
loads are combined with the gravity loads, 
there can be hundreds of combinations due to 
various load factors and load directions. 
Generating all the load combinations required 
by code, or determining the controlling case 
for each member by inspection is .. nearly 
impossible without the use of a computer. 

Empirical Design & Approximate Analysis. 
Empirical design was embedded into the first 
American building laws at the turn of the cen
tury and is still a part of the current American 
Concrete Institute and The Masonry Society 
(ACI-TMS) masonry code today. The New 
York Building Law of 1882 and the Boston 
Building Law of 1892 both provided a sched
ule for determining masonry wall thicknesses 
based on a system of building categories and 
on the building's height. These provisions, 
along with many other empirical building 
design rules, can be found in the Pocketbook by 
Kidder.4 The Pocketbook, in its many editions, 
was the authority on building construction in 
America from 1885 to the early 1940s.5 

There was a great building era in America 
from about 1885 to 1935.5 During this period 
wrought iron and steel emerged as the pri
mary building materials. Trusses, especially 
steel trusses in the latter half of the period, 
were used in every building possible. The 
method of analysis most designers used for 
trusses consisted of graphical solutions 
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assuming pinned connections of members. 
The latter half of this period also saw the pro
liferation of high-rise buildings that spawned 
explicit analysis for the lateral bracing of 
buildings. Designers of the period developed 
practical analysis methods for lateral loads for 
braced frames, portal frames and rigid frames. 
Harry Schneider illustrated these methods in 
his 1930 publication, Practical Wind Bracing.6 

The portal method and the cantilever methods 
are the two most well known methods, and 
were used predominantly prior to the prolifer
ation of computers. Accounting for variations 
on, and hybrids of, these two methods, 
Schneider identified four methods and sum
marized them as follows:6 

"The Cantilever Method - The building 
acts as a cantilever, fixed at its base, and 
free to bend in a horizontal direction. The 
direct stresses in the columns are propor
tional to their distances from the center of 
gravity of the bent. The point of inflection 
of the beams is at mid-span. The vertical 
shear in the beams, which corresponds to 
the horizontal shear in an ordinary beam, 
increases from the outside of the bent to the 
center of gravity, but the increase is not uni
form since the web of the cantilever is cut 
out between the columns. 

"The Portal Method -The [axial] stress is 
taken by the end columns only, the direct 
stresses in the center columns being zero. 
At any horizontal plane the wind load is 
divided equally among all columns. The 
point of inflection of the beams is not 
always at mid-span but must be calculated 
from the beam moment, which is not 
always the same at both ends of the beam. 

"The Continuous Portal Method - The 
[axial] stress in the columns is proportional 
to their distances from the center of gravity 
of the bent, the same as in cantilever 
method. At any horizontal plane the total 
wind is divided equally among all the 
columns, [just as] in the portal method. [As 
in the portal method,] the point of inflection 
of the beams is not always at mid-span. 

"The Smith Method -The [axial] stress is 
taken by the end columns only, the same as 
in the portal method. At any horizontal 



Column Moments 
Stiffness Ratio 
FEM Dead Load 
FEM Total Load - 172 + 99 - 172 

- 17 + 11 - 29 

Max. Beam Moments ,_-""1'""2...;;.6-++_1-2_ 8_._-....;.1 ..... 7,.;..1 ...__~'"""-'-'-''-'---",-',--'-.....;..,,.;.....,~""-'-.L..,,,.;...;;..;.._._.;.+-'-'-_..c;..;..---+--"--'--'I 

Column Moments 63 

Example: (1 7 /2)(1 + 1 /3) = 11, ( 29/2 )(1 + 1 /4) = 18 

From Ref. 8 

FIGURE 2. Two-cycle moment distribution method. 

plane, the horizontal column shears in the 
center columns are equal to each other, and 
twice as much as either end column. The 
point of inflection of the beams is always at 
the mid-span." 

Moment distribution, introduced by Hardy 
Cross in 1929 (and eventually refined in a 1932 
ASCE Proceedings paper), provided a method 
for determining gravity moments in a rigid 
frame.7 Designers found sufficient accuracy 
for ordinary building frames using what 
became known as the two-cycle method of 
moment distribution (see Figure 2).8 (Many 
current designers who know of this method 
know of it through the PCA publication 
Continuity in Concrete Building Frames.8

) 

These approximate methods provide esti
mates of forces in the frc)-mes. In 1976, F. 
Cheong-Siat-Moy published a paper in the 
AISC Engineering Journal that provided a 
method for estimating the frame stiffness.9 

The paper uses the story drift index, which is 
the ratio of the relative sway of a story to its 
height, to designate the stiffness of a structure 
on a story-by-story basis. The paper proposes 
that the stiffness of a given story can be repre
sented as the sum of the stiffnesses of its sub
assemblies, which consist of one column and 
the girders framing into that column (see 
Figure 3). The paper also provides guidelines 
to help increase the girders and/ or the 
columns to meet particular stiffness require-

ments. By determining the frame stiffness 
based on the subassemblies the overall stiff
ness can be increased more efficiently than by 
increasing the girders only (which was tradi
tionally the preferred method). 

Other examples of approximate design 
methods are from the concrete industry as 
well and are still frequently used today. ACI 
318 still includes provisions for estimating 
moments and shears in slabs and beams.10 

ACI provides coefficients for uniformly 
loaded beams and one-way slabs, and pro
vides the direct design method coefficients for 
two-way flat slabs. 

Other examples of empirical approxima
tions include: 

• Engineers traditionally estimated multi
story building periods in seconds as equal 
to one-tenth the number of stories. (This 
estimate found its way into seismic build
ing codes and appeared as recently as the 
1985 edition of the Uniform Building 
Code.) 

• Required reinforced gravity concrete col
umn gross cross-sectional area in square 
inches equals the factored axial load in 
kips divided by half of the concrete com
pressive strength in ksi. 

• To determine the amount of tension rein
forcement in a flexural member, ACI 
design guides promote the expression A8 
= Mul4d as a simpler alternative to the rig-
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FIGURE 3. Frame stiffness subassemblies. 

orous expression derived from Whitney 
stress block theory. 

• Required steel beam depth in inches 
equals a certain fraction of the span in feet 
(0.5 to 0.7) depending on the grade of steel 
and on whether the section is composite 
or not. 

• At the time when steel predominantly 
had a 36 ksi yield strength and ASD was 
the prevailing design approach, the 
required section modulus in cubic inches 
of a continuously braced beam was the 
moment in kip-ft divided by two. 

Simplification & Common Simplifying Assump-
tions. It was common for designers to make 
many assumptions for ordinary buildings that 
simplified analysis and design. The designer 
used experience and judgment to spot the sit
uations when an assumption would be too 
inaccurate. Some common assumptions 
included: 

• Column gravity axial loads determined 
by tributary area were sufficiently accu
rate even if the columns were part of a 
rigid frame. 
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From Ref. 9 

• Lateral loads were distributed to lateral
load-resisting elements assuming a com
pletely rigid or a completely. flexible 
diaphragm. 

• Three-dimensional frame buildings could 
be analyzed as a series of two-dimension
al frames parallel to each of the two main 
orthogonal axes of the building. 

• AISC permitted what they called a Type 2 
frame connection, where the designer 
sized girders or beams as simple spans for 
gravity loads and designed web connec
tions for the gravity shears. Angles on the 
top and bottom flanges connected to the 
column constituted moment connections 
designed only for wind moments. 

• Lateral loads were neglected entirely for 
one- and two-story buildings built with 
concrete frames or with steel frames 
with masonry partitions and exterior 
walls. 

• Thermal stresses for ordinary buildings 
were negligible, especially if designers 
followed commonly accepted rules-of
thumb for acceptable building plan 
dimensions without expansion joints. 

• Slabs, terracotta tied arches, planks and 



other floor systems were assumed to span 
in only one direction. 

• All truss members were typically 
assumed to have pin-jointed member 
ends regardless of the degree of continu
ity of the chords or of the stiffness of the 
gusset plate connections. 

• Shear deformations of flexural members 
were typically ignored in deflection calcu
lations. 

The Impact of Computers. Structural analysis 
computer programs were in use, at least in 
academia, since the late 1960s. Through the 
1970s and early 1980s, computer use by prac
titioners was generally limited to the analysis 
of large and/ or complex structures. Designers 
would develop a design using approximate 
analysis methods and preliminary design 
techniques. This preliminary structure was 
then analyzed in detail with the computer to 
obtain member end forces and deformations. 
The "computer" was generally a large-scale 
mainframe computer that the designer bought 
time on from an off-site source. A file of 
"input" described the geometry, member 
properties, material properties, boundary con
ditions and loads of the model. It was routine 
to check input files line by line before the com
puter "run" since the amount of the run time 
could be significant and the firm was usually 
buying the computer time at a premium. After 
receiving the "output" file, the designer 
would check the results for verification. 
Verification included checking the reactions 
and external forces for statics, interpreting the 
deformed shape and comparing results with 
the preliminary and approximate analysis. 
The designer then performed design checks 
on the members. If the designer deemed it 
necessary to change members' sizes, the 
designer's understanding of structural analy
sis determined if another computer run was 
necessary. Generally speaking, for the build
ing designer, the computer programs of this 
era were much less a design tool than an 
analysis tool. Compared to today's software, 
they were tedious and awkward to use, and 
offered little in the way of graphical results. 
Although young, inexperienced engineers 
may have helped the designer with checking 

input and output, it was necessary that the 
computer analysis be managed by an experi
enced designer or analyst to avoid the colossal 
waste of computer time and money. 

During the 1980s and into the early 1990s, 
scaled-down versions of these mainframe 
analysis programs became available for use on 
the PC. Early PCs, by today's standards, had 
extreme limitations of memory and processor 
speed. However, engineering firms found 
them very cost effective, especially consider
ing their additional use for word processing 
and spreadsheets. The analysis programs were 
still awkward to use since they still required 
input and output files. In addition, the early 
PC operating system, MS-DOS, was text
based. But computer time was now "free" (for 
the cost of the PC, software and training) and 
the input files were often text files that the 
designer could modify with text editors on the 
computer. Some software programs permitted 
the graphical display of information (such as 
displaced shapes and mode shapes). 

By the late 1980s and early 1990s, the use of 
the computer for analysis was no longer limit
ed to the most complex structures. PCs were 
getting faster, were less expensive and had 
more memory and computing power. There 
were still plenty of firms doing ordinary and 
small buildings without computer analysis, 
but firms that were using PCs for analysis 
were now using them for most structures as a 
productivity tool. Many firms were inventing 
ways to post-process the. output files for con
venient use with spreadsheets that did the 
design checks. With a PC on the desk of every 
designer, the role of a senior, experienced 
designer overseeing the use of computer 
analysis diminished in many firms since the 
"penalty" for computer model mistakes by 
inexperienced designers no longer amounted 
to the significant sums of money that were 
required by mainframe computer runs. 

Through the 1990s, PCs continued to get 
faster with huge leaps in the amount of avail
able memory, while also becoming less expen
sive. With the introduction of the graphical 
user interface provided by Microsoft 
Windows, designers now had powerful 
graphic tools to generate, display and check 
the computer models. At the same time, there 
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were rapid advancements in computer-aided 
design and drafting software. By 2000, with 
the Internet going mainstream, email and 
intra-office networks, there was a PC on close 
to every person's desk in every engineering 
firm. By then, even the most sophisticated 
general-purpose analysis software was config
ured for the PC and there was a proliferation 
of special-use design software for the structur
al engineer. Throughout the design process, 
the designer used various software packages 
in an ad hoc manner, mixing in hand calcula
tions here and there. Perhaps one program 
was used for frame analysis, another for floor 
framing, another for checking columns and 
yet another for the analysis and/ or design of 
foundations. 

Development of a third generation of struc
tural engineering software began in earnest in 
the late 1990s and its adoption has recently 
become prevalent. This generation integrates 
analysis and design checks into the same 
model. In some instances, the designer does 
not even need to input preliminary sizes since 
some of the software has design and optimiza
tion routines for member selection. Long input 
and output files are no longer used. The 
designer builds the model interactively with 
the software, visualizing the model in three 
dimensions as it is built. The designer usually 
has many options for viewing the output, 
including member-by-member reports, color
coded member stress displays, animated mode 
shapes and many more. Software is available 
that allows the designer to model all of the 
structural systems integrating the analysis and 
design of floor systems, columns, lateral load 
systems and foundations. Structural engineer
ing firms see huge productivity gains with 
such software. It is now practical to provide 
complete framing plans for the entire building 
during schematic design and to explore alter
nate designs without severely impacting the 
design schedule. Value engineering ideas are 
tested and implemented late in the design 
phase or even during construction. 

Current Use 
The current capability of commercial software 
to assist the engineer who is analyzing struc
tures is impressive. There are many general-

32 CIVIL ENGINEERING PRACTICE SPRING/SUMMER 2006 

purpose structural analysis programs from 
which to choose. The most common are com
prehensive finite-element programs that ana
lyze two-dimensional and three-dimensional 
truss, frame and plate structures under static 
and dynamic loads. The analysis capability 
goes well beyond that needed for most ordi
nary building structures. They. include 
advanced non-linear capabilities and many 
specialty elements that allow the analyst easy 
creation of any structure imaginable, however 
complex. 

Market pressures on fees for building 
design are compelling building designers to 
take full advantage of the productivity gains 
offered by the automation of today's building 
design software. The capabilities of this soft
ware include automation of framing layout, 
generation of loads and code-specific load 
combinations, member selection and opti
mization, embedded checking for confor
mance with material design specifications and 
generation of framing plans. 

A Review of Commercial Software for the 
Design of Building Structures. The January 2005 
issue of Modern Steel Construction listed 81 
software products for the design of structural 
steel alone.11 Many are for special purposes 
such as connection design, design of specialty 
shapes, vibration serviceability checks, etc. 
The focus here is on software products intend
ed by their vendors to be comprehensive tools 
for the design of ordinary buildings (with an 
emphasis on designer productivity). To pro
vide the reader with a reasonable sense of cur
rent capabilities, design products from four 
vendors whose products are in widespread 
use throughout the United States are summa
rized. Capabilities listed for each software 
package are not exhaustive but rather are 
selectively listed to convey the complexity and 
breadth of the current software available to 
the design profession. 

Computers & Structures, Inc. (CSI). Founded 
in 1975, the development of CSI software 
spans three decades and began as a result of 
research at the University of California at 
Berkeley in the late 1960s. CSI is recognized as 
a leading producer of software tools for the 
analysis and design of civil structures. CSI 
produces multiple software packages tailored 



to specific types of structures. SAP2000 -
intended for bridges, dams, stadiums, indus
trial structures and buildings - was intro
duced over 30 years ago and features a three
dimensional object-based graphical modeling 
environment. SAP2000 includes a variety of 
analysis and design features including second 
order and modal analyses, damper and base 
isolation, and segmental construction 
sequencing. ETABS - developed for multi
story building structures - provides an inte
grated building analysis and design environ
ment with a three-dimensional object-based 
graphical modeling environment. ETABS 
gives the engineer the ability to model and 
design moment-resisting frames, braced 
frames, staggered trusses, rigid and flexible 
floors, and sloped framing using steel, con
crete, composite or steel joist floor systems. 
SAFE is a special-purpose program for the 
analysis and design of concrete flat plates and 
concrete bearing foundation systems, which 
can also be integrated with ETABS. CSI 
Detailer can be integrated with the SAFE pro
gram to generate comprehensive details of 
slabs, beams, mats and footings for use in 
drafting programs. 

RAM International (RAM). RAM has been a 
leader in the development of software solu
tions that benefit structural engineers, detail
ers and fabricators since 1988. Their products 
are designed to aid productivity in the 
demanding and competitive design market. 
RAM produces several software packages, 
each customized for specific applications. 
RAM Structural System (RAM SS) is a fully 
integrated suite of building design and analy
sis software for gravity framing, lateral sys
tems and foundations (including piles). RAM 
SS is also capable of producing computer
aided design (CAD) drawings for frame eleva
tions, beam and column schedules, floor fram
ing plans and foundation plans. RAM 
Advanse is a general-purpose, frame-based 
three-dimensional analysis and design soft
ware package capable of designing wood, 
steel, cold-formed steel and concrete mem
bers. RAM Connection is a steel connection 
design and optimization tool that can run 
independent connection design checks or run 
as an integrated component of both RAM SS 

and RAM Advanse. RAM Concept is a special
purpose finite-element program for reinforced 
or post-tensioned concrete slab and mat 
design that is also capable of integrating with 
RAM SS. RAM CAD Studio works as a com
ponent of AutoCAD to help create documents 
that are linked with models from the RAM SS. 
RAM Perform is a non-linear analysis package 
capable of performance-based seismic design 
and progressive collapse modeling of build
ings and other structures. 

Research Engineers International (REI). 
Founded in 1981, REI produces several soft
ware packages for specialized applications, 
but its flagship program is STAAD-Pro 2004 
(STAAD). STAAD is an object-based three
dimensional design and analysis tool capable 
of integrating multiple materials like steel, 
concrete, timber, aluminum and cold-formed 
steel into one structural model. STAAD can 
analyze buildings and bridges using a variety 
of building codes and it can perform linear or 
non-linear analyses on the structures. 
Advanced automatic load generators facilitate 
easily modeling lateral and gravity loads in 
complex models. REI integrated the popular 
steel connection design software package, 
DESCON, into the 2004 release of STAAD. 
This component of STAAD produces calcula
tions and design shop drawings for steel con
nections based on loads generated in the 
structural model. REI also produces special
ized software packages for foundation design, 
concrete connections and mat foundations. 

Rapid Interactive Structural Analysis (RISA) 
Technologies. RISA Technologies has been an 
established leader in structural analysis and 
design software since 1987. RISA produces 
numerous specialized software packages. Its 
primary software for the building industry is 
the RISA Building System, which is composed 
of RISA-3D, RISA-Floor, RISA-Base and RISA
Foot. RISA-3D is a general analysis package 
with an object-based three-dimensional 
graphical interface capable of gravity and lat
eral load designs for a variety of building 
materials. RISA-Floor is a design tool that 
integrates directly with RISA-3D to design 
floor system gravity framing in buildings. 
RISABase helps the engineer design steel base 
plates and anchor rods for steel columns. 
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RISA-Foot designs and analyzes spread foot
ings for various load conditions. Other RISA 
products include RISA-Tower for steel truss 
tower design, RISA-Masonry for masonry 
walls, columns and beams, and RISA-Section 
for calculating section properties of custom 
members. 

A Review of Commercial Detailing Software for 
Buildings. For over 20 years, the steel detailing 
industry has utilized computers and detailing 
software programs to increase productivity. 
During the 1990s, the industry evolved and 
adopted an approach utilizing three-dimen
sional models of buildings to manage design 
information. This three-dimensional informa
tion management system helped streamline 
the detailing process and became indispensa
ble to the construction community. The soft
ware programs create a level of efficiency that 
was not possible before the advent of comput
ers. Project documents that used to take weeks 
to produce are now being created in a matter 
of days. 

One of the leading steel detailing software 
packages is SDS/2 by Design Data. Design 
Data provides multiple products that auto
mate detail creation, control inventory and 
estimate materials, as well as produce shop 
fabrication drawings. The connection design 
software SDS/2 designs connections accord
ing to AISC specifications and also produces 
erection drawings, piece details and complete 
shop drawings automatically. The software 
can also track fabrication and erection within 
the model to better manage resources on large 
design jobs. 

Checking Computer-Aided Designs. Concur
rent with software improvements, many expe
rienced engineers who were designing struc
tures in the 1970s and 1980s have developed a 
concern that the software tools are in the 
hands of engineers who lack the understand
ing of the behavior of structures and the meth
ods used by the software. The civil engineer
ing profession has been concerned about the 
misuse of computer software since the early 
application of commercial software. Those 
concerned by this rapidly developing technol
ogy have written papers citing case studies of 
improper use and highlighting the dangers to 
the profession. The 1991 ASCE Structures 
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Congress Proceedings, "Approximate Methods 
and Verification Procedures of Structural 
Analysis and Design," and papers by Bell and 
Liepins, and Emkin, are examples.12

-
14 The 

ASCE Technical Councils on Forensic 
Engineering, Task Committee on Avoiding 
Failures Caused by Misuse of Civil 
Engineering Software prepared a monograph 
entitled "Guidelines for Avoiding En?ineering 
Failures Due to Computer Misuse."1 

As cited by Bell and Liepins in 1997, in 
order to obtain meaningful and accurate 
results from analysis by computer, the analyst 
must observe, as a minimum, the following 
steps:13 

1. Recognize the important structural 
actions and include them in the model. 

2. Understand the performance of the 
elements used in the model. 

3. Check the input. 
4. Check the goodness of the solution 

obtained. 
5. Interpret the computed output. 
6. Validate the computed results. 

Although the concerns and suggestions 
cited above are still appropriate today, if not 
more so, they are focused primarily on the 
analysis of structures with general-purpose 
analysis software. The recent, rapid advance
ments in the automation and integration of 
analysis, design and drafting in special-pur
pose building design software has generated a 
need for engineers to re-examine how to 
ensure the proper and responsible use of such 
software. 

Guidelines for Quality Assurance & Checking. 
The six steps put forth by Bell and Liepins are 
a good place to start. However, these steps can 
be expanded to address the integrated design 
capabilities of current building structure 
design software. The following are suggested 
guidelines for quality assurance and for the 
checking of computer-generated designs. The 
six steps are expanded to include a seventh 
that relates to quality design. (In addition, 
commentary on each step highlights the issues 
pertinent to today's design software.) 

Step 1. Recognize the Important Structural 
Actions & Include Them in the Model. Software 



today still requires that the designer idealize 
the real structure and generate a mathematical 
model. Designers must understand what 
structural actions are important to the particu
lar structure given its materials and geometry. 
Some examples include: 

• Many, if not most, software packages 
incorporate rigid floor diaphragms in 
their analysis, at least as an option. The 
designer must decide if this approach is 
appropriate. 

• Are the results sensitive to support flexi
bility? The source of flexibility might be 
the soil interface or portions of the foun
dation outside the model. 

• Is the building's lateral load path, from 
the exterior wall down to the foundation, 
clearly conceived? 

• Are the results sensitive to joint flexibili
ty? In other words, are completely pinned 
or completely fixed joints appropriate? 

• Are important building or element eccen
tricities appropriately accounted for? 

• Is P-Delta important and properly 
accounted for? 

• Are thermal, rain or other loads relevant 
to the design? Recent building codes 
require explicit design for rain ponding 
loads. Some jurisdictions require design 
for volcanic ash fallout. 

• Is shrinkage and creep important to the 
performance of the structure? 

• Are there unbalanced earth pressures on 
the building? 

• Do building appurtenances such as 
stacks, jib cranes, rooftop equipment and 
flagpoles exert significant loads that 
should be considered in the model? 

• Is the sense of the applied loads correct? 
(For example, are roof uplift loads acting 

· upward?) 
• Does the construction sequence need to be 

considered in the application of loads in 
the model? 

It is easy for young designers to overlook 
some of these judgment calls. With the current 
graphic capabilities incorporating three
dimensional views with extruded, three
dimensional structural shapes, the models can 

look very "real." However, the computation 
and design is still based on a mathematical 
model that approximates the real structure. 
Fortunately, as designers, it is usually not nec
essary to model the conditions precisely. 
Designers can decide to be conservative if the 
economical impact is minimal. Designers can 
design for upper and lower bounds for uncer
tain conditions or for those conditions critical 
to the structure. 

Step 2. Understand the Performance of the 
Elements Used in the Analytical Model & Know 
What Design Checks Are Performed & How They 
Are Executed. Although most software pro
grams have manuals, there are variations in 
the degree to which they document element 
performance and the specifics of design 
checks. Even if the manual states that ele
ments are checked per a particular design 
specification (such as AISC LRFD, ACI 318), 
the manuals are silent on a lot of decisions that 
a designer makes in applying a design specifi
cation. Designers should thoroughly under
stand the design checks performed by the soft
ware and the design assumptions coded into 
the software as well as those that the designer 
has the latitude to set in the software. Some 
examples are: 

• Understand the software's force sign con
vention. 

• What are the assumed brace point loca
tions? 

• How is P-Delta accounted for? What 
loads are used for the P? 

• How is the shear checked when slabs and 
drop beams frame into columns? 

• How are concrete T-beam properties 
developed? 

• How are short- and long-term concrete 
deflections calculated? Do the calcula
tions compute cracked section properties 
and how are they computed? 

• Are tension-only braces correctly repre
sented in the model? 

• Are deflections local to the member, or do 
they take into account the deflections of 
supporting members? (This consideration 
is particularly important for cantilever 
members.) 

• Are cracked concrete member properties 
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considered in the characterization of ele
ment stiffnesses? (For example, a cracked 
shear wall will be significantly less stiff 
that an uncracked one.) 

• How are column splices considered in the 
model? 

• Are rigid offsets or other devices utilized 
to account for frame joint stiffness? 

• How does the model address non-pris
matic members and members with pene
trations or notches? 

• Are member forces computed at nodes or 
at member faces? Does the model allow 
for setting options in this regard? 

• If applicable, how are base plates and 
anchor rods analyzed and designed? 

• Are beam-column joints designed explic
itly? There are. extensive code provisions 
that apply to these, especially where seis
mic design is required. 

• Does the model account for induced 
moments in singly symmetric or non
symmetric sections (for example, single 
angle or single tee diagonal truss mem
bers)? 

Step 3. Check the Input & the Input Generated 
by the Software. Traditionally, input for analy
sis software could be summarized by these 
categories: nodal geometry, member inci
dences and end releases, member properties, 
material properties, support conditions and 
loads. It was common practice to print the 
input file containing these data and check it as 
part of the quality assurance process. Today's 
software adds design criteria and design 
assumptions to the categories of input. 
Software now has myriad menus the designer 
needs to open and select options from. Most 
have defaults that the designer can set and 
store, and, thus, the designer need not 
address each and every one of them each time 
they use the software. However, the designer 
needs to develop a way to assure that the 
input selections are appropriate for the partic
ular project. Most software programs today 
have powerful graphic capabilities that dis
play model information in a three-dimension
al view. This capability should be used to 
review and check the input. Some ideas for 
checking input are: 
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• The model's physical properties: general 
geometry and member organization; 
member end releases, offsets, rigid end
zones, and member connectivity/ connec
tions (i.e., how are crossing members han
dled?); member sizes, material properties 
and orientations; and a review of auto
generated meshes of plate elements. 

• Boundary conditions: supports, including 
support conditions - pinned, fixed, 
springs. Are there any special support 
conditions warranted by skewed mem
bers? 

• Loads: Check load input tables, menus, 
and/ or spreadsheets. Understand how 
the software defines and uses load types 
(dead loads, live loads, seismic mass, etc.) 
View load maps on plan views. View con
centrated and nodal loads on the model. 
Check the results of auto-generated loads. 
Compare total self-weight, total wind 
shear and total seismic shear with approx
imate estimates by hand. On a fioor-by
floor basis, or other rational categories, 
compare the total live load and/ or total 
superimposed loads. Check scale factors 
for seismic design spectra. Check that the 
software will reverse sense of "plus
minus" loads such as wind or earthquake. 

• Check that the software uses appropriate 
load combinations. Do so by penetrating 
the software to view the actual combina
tions and not just checking that the appro
priate code or specification is selected. 
Review if any additional load combina
tions are required by the applicable mate
rial design standards (for example, for 
reinforced concrete, the Massachusetts 
building code requires the worst combi
nation from its Chapter 16 combinations 
and those of the ACI 318 combinations). 
Review if custom load combinations are 
generated for unique conditions (like 
Massachusetts' exceptions for dead load 
factors, etc.). 

• Global settings: units. This selection may 
be a global setting or it may vary from one 
dialogue box to another. Code checking 
criteria: LRFD versus ASD, U.S. versus 
British standards, etc. Live load reduction 
code and related parameters. 



• Design constraints and design criteria set
tings. These settings are often hidden 
from. the "screen side" of the software. 
Depending on the software, there can be 
m.any different settings and defaults 
spread over m.any different dialogue 
boxes. An incorrect or inconsistent setting 
can have a significant impact on the soft
ware's output. A few illustrative examples 
include: composite or non-composite con
struction; shored or unshored construc
tion; deflection limitations, camber limita
tions; shear stud lengths and diameters; 
concrete material strengths; maxim.um. 
and minim.um. reinforced concrete rein
forcement ratios for different elements; 
the extent to which slab systems brace 
tops of beams against lateral torsional 
buckling; and design-check settings (such 
as whether gravity loads should be con
sidered or not in the calculation of the 
shear strength of a reinforced concrete 
shear wall). 

• Check for coordination with the architect 
and other disciplines for: openings, stair 
loads, exterior wall loads, and suspended 
and floor-supported equipment loads. 

Step 4. Check the Goodness of the Solution. 
Whether using the software for complex 
analysis or for the analysis and design of less 
complicated structures, the results and output 
should be inspected for software error mes
sages and warnings. Take the tim.e to under
stand any messages. It m.ay turn out that cer
tain warnings do not impact results, but this 
m.ust not be presumed. Chase down each and 
every one of them. and eliminate them. unless 
there is great certainty that they do not impact 
the results. 

Step 5. Interpret the Computed Output & the 
Design Check Reports. The design output m.ay 
require interpretation and/ or further calcula
tions to arrive at meaningful results. Many 
times, with the new generation of building 
design tools, this step is simply understanding 
and reviewing software messages for m.em.
bers that do not m.eet design checks, or view
ing color coding of m.em.bers that represent 
demand-to-capacity ratios. However, stress 
output for plate elements m.ay need m.ore 

work and interpretation to understand which 
stresses are being reported and which ones 
require a meaningful comparison to code
allowable stresses. Som.e considerations 
would be: 

• Are extreme fiber stresses being reported 
or average stresses? 

• Do orthogonal stresses need to be com
bined to get principal stresses? 

• How do plate elements compute and 
report out-of plane shears? 

• Review deflection reports: Are corner or 
center of m.ass drifts reported? 

Step 6. Validate the Computed Results. The 
results m.ust be assessed for validity and for 
any signs of unexpected response of the struc
ture and unexpected design results. Unusual 
or unexpected results should be thoroughly 
explored until the issue is understood or the 
error causing the behavior is found. Som.e 
suggestions and examples for validating 
results are: 

• Review reactions: Review locations with 
zero reactions and review if these repre
sent an error or not. Review reactions for 
individual load cases. Do the relative mag
nitudes of reactions for the individual load 
cases m.ake sense for the various support 
locations? Review individual support 
locations. Do the magnitudes for various 
load cases m.ake sense for a given support 
location? Are the reactions for a given load 
case in equilibrium. with the applied 
loads? Are there high shears where they 
are expected? Are there high overturning . 
forces where they are expected? 

• Review the deflected shapes: Do the 
deflected shapes m.ake sense for the indi
vidual load cases and the intended 
model? Do the m.ode shapes m.ake sense 
for the intended model? Do the periods 
m.ake sense? How does the fundamental 
period for a building structure match 
code approximations? Do the deforma
tions com.pare well with estimates by 
hand or with experience with similar 
structures? Look at the deflected shapes in 
both plan and elevation views as well as 
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in three-dimensional views. Review the 
center of mass and center of rigidity. If the 
software reports the center of mass and 
the center of rigidity, do they make sense? 
Do they seem rational given the deflected 
shapes? 

• Review story shears and individual frame 
shears: Do the story shears relative to one 
another make sense? Do the story shears 
sum to expected base shear estimates? 
Review the impact of diagonal members 
that span more than one story. Review the 
frame shear (or wall, or brace) distribu
tion at each floor. 

• Spot check member forces: Look for mem
bers with zero forces and review if these are 
the result of an error or not. Review flexur
al members to verify that shears and 
moments act in the axes expected. For rep
resentative members, do the member forces 
make sense for the various load cases? 

• Review member design reports: Review 
critical and representative member 
detailed design reports. Review if the 
design accounts for special seismic require
ments such as the out-of-plane bracing of 
brace joints, amplified loads for member 
connections or for member design, etc. 

Step 7. Review the Quality of the Design. 
Review the design for general quality. The cur
rent generation of software does not guide 
users with respect to the following considera
tions. Assess the quality of the design with 
respect to these considerations: 

• Is the design rational? Are the member 
sizes reasonable and do they fit into 
norms for similar buildings? If not, under
stand what is special about this project. 

• Is the design appropriately redundant 
and robust? 

• Did the design appropriately address ser
viceability (for example, ponding, vibra
tion limits)? 

• Do the deflection limits, including short
and long-term dead loads and live loads, 
reflect the architectural and mechanical 
details? 

• Does the design address durability appro
priately? 
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• Does the design address penetrations of 
walls, beam, etc., for openings for other 
trades? 

• Does the design maximize regularity, rep
etition and simplicity? 

• Are the structural costs within budget and 
appropriate for the building type and 
project requirements? 

• Does the design of the foundations size 
the foundations using service loads and 
allowable bearing pressures? Does the 
design of concrete foundation members 
factor the loads for LRFD design? 

• Does the design address structural checks 
not addressed by the software? Examples 
often include: diaphragm strengths and 
stiffness and the effects of large openings 
on same; local wind loads on columns; 
torsional effect from eccentrically placed 
exterior loads; load path from the 
diaphragm to the lateral-load-resisting 
members (for example, is the load path 
viable and are the in-plane design forces 
accounted for?); and combinations of 
wind uplift and shears on deck 
diaphragms. 

Modeling & Design Pitfalls to Look Out For. 
Despite recent advances in the capabilities of 
software packages, there remains the need for 
care to keep modeling, analysis and design 
from deviating from the reality of the built 
structure. Potentially serious problems can 
ensue from not properly conceiving or inter
preting design models. The following are but 
a few examples of pitfalls that, for now, can 
only be avoided by the exercise of judgment 
by an experienced designer: 

• Rigid elements introduced to model zones 
that are a lot stiffer than the bulk of the 
model can introduce numerical instabili
ties. For example, a designer often intro-
duces a rigid member to model the con
nection between a beam element and a 
line element for, say, a concrete wall. The 
assignment of the stiffness must take into 
consideration the potential for numerical 
instability arising from some entries in a 
stiffness matrix being much larger than 
other entries. These large differences in 



magnitude will introduce numerical 
errors in the decomposition of the stiff
ness matrix. The potential for this prob
lem will vary with the complexity of the 
structure, the software code and the preci
sion of the computer hardware. Some
times, analysis results that are orders of 
magnitude beyond the expected can be a 
sign of a numerical instability. Other 
times, numerical instabilities are subtly 
manifested and might go undetected. 

• Assignment of material properties must 
take into account construction practices. A 
concrete frame analysis that assigns high
strength concrete to the column and beam 
elements might miss the fact that, unless 
otherwise specified, the concrete 
strengths of the beams will be the same as 
that of the floor system. 

• Current floor system design software 
does not handle slab depressions well. 
Large slab depressions can have the effect 
of invalidating otherwise valid rigid 
diaphragm modeling assumptions and 
effective width assumptions for T-beams 
and composite beams. 

• Software packages that model rigid 
diaphragms, unless otherwise directed, 
will usually "lock" the deformations of 
the members within the diaphragm. 
Members within the diaphragm are thus 
modeled as having no axial deformation 
or axial forces. There are certain members 
(such as collector members) that deliver 
axial forces to a braced frame and beam 
elements in a chevron brace where this 
modeling assumption is unconservative. 

• Software packages that model continuous 
floor systems (such as reinforced concrete 
slabs and beams, like ETABS), with shell 
or plate finite elements for the slabs and 
line elements for the beams require a thor
ough understanding of how the finite
element mesh interacts with the beam ele
ments for the transmission of out-of-plane 
and in-plane forces. 

• Design of composite systems with hang
ing loads should account for the construc
tion sequence: Do the hanging loads occur 
before or after steel-concrete composite 
action? 

• Uplift in beams is often overlooked in 
programs that have settings that continu
ously brace the top flange of a beam. Net 
uplift forces will produce compression in 
bottom flanges that require attention by 
the designer perhaps with a separate 
"fake" loading case with the net uplift 
load and the deck-braces-flange setting 
turned off. 

• Seemingly small design changes can have 
a dramatic impact on the behavior of a 
building. A rectangular building with two 
short sides that counts on a below-grade 
foundation wall to transfer lateral loads to 
the ground could see its behavior dramat
ically altered if a significant portion of one 
or both of the short foundation walls 
becomes an areaway. 

• P-11 calculations should use loads that are 
consistent with the material code second 
order moment amplification provisions. 

• Can load combinations be customized? 
Certain software packages allow cus
tomization of load combinations that 
allow the designer to use the 1.3 dead load 
factor in the current edition of the 
Massachusetts building code. When cus
tomized load combinations are not possi
ble, factoring up the dead loads might be 
necessary. The designer must keep track 
of these increased dead loads for their 
impact on foundations, deflection checks, 
etc. 

Verification of Commercial Software. An issue 
facing the structural design profession is the 
verification of commercial design software. 
The steps outlined above for quality assurance 
and checking help to verify the results for a 
particular design. For most common building 
design projects, these steps, combined with 
sound engineering judgment and experience, 
are adequate to uncover deficiencies or errors 
in the software that may surface due to that 
project's specific parameters. However, 
designers must still place considerable 
reliance on the software doing what it claims 
to do without error. Designers are operating 
under the assumption that any errors of sig
nificance to the design will be detected during 
their review and validation of the results. 
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Thus, designers become comfortable with par
ticular software over time as it is used, and the 
verification of software is limited to the vali
dation of results on a project-by-project basis. 

Transparency Issues. Generally speaking, 
unless the software is open source, its code is 
not available to the public. Even if it were, 
most practitioners do not have the program
ming experience and skill to interpret the code 
in order to verify its operation and applica
tion. What designers know about the opera
tions and function of software is limited to 
what is published with the software and what 
they can infer from the available output 
reports. Designers should look for software 
that provides detailed explanations of opera
tions and functions as well as output reports 
that provide step-by-step member capacity 
development and code check results and not 
just a final stress or demand/ capacity ratio. 

Responsibilities of Vendors & Users. There are 
no current standards or codified requirements 
for structural design software. Organizations 
such as the Software Engineering Institute 
(SEI), the Centre for Advanced Software 
Engineering (CASE) and the National Council 
of Structural Engineers Association (NCSEA) 
should partner with leading structural design 
software companies to explore ideas about 
guidelines and/ or standards for qualifying 
and verifying software claims on operation 
and function. Perhaps the engineering indus
try can develop a voluntary certification pro
gram where software can receive certification 
after thorough review by both design experts 
and computer programmers. In addition, 
there should be a program, analogous to the 
American Institute of Steel Construction 
(AISC) certification for fabricators, where soft
ware companies are certified as maintaining 
good practice with respect to quality assur
ance and documentation. 

Documentation of Computer-Aided Design. 
With increasing reliance on design software, 
design documentation is another issue for 
designers. Construction drawings and specifi
cations document the final design. However, 
the calculations document the design adequa
cy. Policies about design documentation and 
the preservation of the design calculations 
vary among structural design firms. Some 
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archive the calculations with the drawings and 
specifications; others destroy the calculations 
after a specified period of time; and some 
destroy the calculations as soon as the building 
receives occupancy. Each of the various poli
cies has its pros and cons, but many firms 
would agree that the design calculations, or 
other design adequacy documentation, must 
be kept at least through the firm's checking 
process and quality assurance program. 

As engineers rely more and more on inte
grated analysis and design (and produce 
fewer and fewer hand calculations), engineers 
must decide how to document the design 
checks using input reports, graphic output 
and design check reports from the software. 
Therefore, the design documentation becomes 
tailored, in part, by the specific piece of soft
ware. Each firm should have a quality man
agement program that includes guidelines on 
how to document the design adequacy when 
using design software. If a firm believes it is 
important to archive calculations, then deci
sions must be made about storing them in 
paper or electronic form. If storing in electron
ic form, the fact that software goes through 
version evolution and new versions are not 
always backward compatible must be taken 
into account. Perhaps it is best to keep text 
files documenting the input, results and 
design adequacy. 

The following are general suggestions for 
computer design documentation: 

• Note the name and version number of the 
software. 

• List the software default settings for the 
project (including the design defaults as 
well as model and analysis defaults). 

• Document the model (including geome
try, member and material properties, and 
support conditions). 

• Note mass, loads and load combinations. 
• List the design codes and software design 

settings used. 
• Record the analytical results (such as reac

tions, story shears, story deformations, etc.). 
• Record member design checks, at least for 

the controlling load cases. 
• Keep records of the result verification 

process. 



Keeping a log of the evolution of the model 
used is another good idea for documentation. 
The model log can record the changes, and the 
reasons for the changes, to the model through
out the design process. 

Impact on Staff & Staff Training. Manage
ment of today's design firms must address 
training issues in light of the automated 
nature of the software. For example, young 
designers do not become familiar with mem
ber design specifications by frequent use as 
was the case just a decade ago. The skill sets 
needed to design with current software are 
much different than the skill sets needed when 
design was done by hand calculations. 
Designs are now accomplished using auto
mated software without the user necessarily 
being intimately familiar with the design stan
dards and, perhaps more importantly, without 
the user being familiar with the fundamental 
philosophies embedded in the design stan
dards. When the design checks were per
formed by hand, practitioners read the stan
dards, codes and user commentaries before 
performing the calculations. In addition, 
industry material organizations (such as ACI, 
PCI and AISC) provided design guidelines 
and sample solutions to aid and teach the 
designer. With today's automated design 
checks, young engineers need explicit training 
on the design codes and standards since they 
may not become familiar with them through 
routinely performed hand calculations. 

Future Trends 
The leading software vendors will continue to 
advance their structural design software. Most 
have, or are developing, a system or suite of 
software so that the designer can become 
familiar with one vendor's tools and use them 
for various structural materials and structural 
systems. The vision of the vendors is to have 
interoperability within their suite of software. 
For example, the designer will model the 
entire building in a modeling module, and use 
other software modules from the vendor to 
design foundations, frames, shear walls, flat 
plates, connections, base plates, etc., without 
further input of loads or structural geometry. 
In addition, the vendors will move to integrate 
the drawing production process with their 

suite of software. The leading vendors already 
have tools, with varying degrees of sophistica
tion, for exporting data from their software to 
CAD systems. 

Parallel with the development of integrated 
analysis and design software was the develop
ment of detailing and fabrication software for 
the structural steel industry. Detailers can now 
build their own three-dimensional models 
from the design drawings and use specialty 
software to prepare detailed shop drawings 
and, in some instances, convey computer files 
directly to the fabrication equipment. AISC is 
promoting electronic data interchange (EDI) 
technology to allow the exchange of data from 
the design software to the fabrication soft
ware. This interchange is only one piece of a 
more comprehensive concept of interoperabil
ity in the construction process. 

According to the National Institute of 
Standards and Technology (NIST), interoper
ability relates to both the exchange and man
agement of electronic information.16 Individ
uals and systems are able to identify and 
access information seamlessly, as well as com
prehend and integrate information across 
multiple software systems.16 The manufactur
ing sector, as well as financial centers and 
medical centers, have created interoperability 
standards and realized efficiencies in opera
tions and service. The construction industry 
has not yet developed similar standards. 
Reasons for the construction industry lagging 
behind may include: 

• relative to the manufacturing and finan
cial sectors, the construction industry is 
made up of many more and smaller enti
ties without resources to affect the indus
try; and, 

• relationships between owners, designers 
and contractors inhibit communication 
and teamwork, resulting in fragmentation 
of the process. 

NIST funded a study entitled "Cost Analysis 
of Inadequate Interoperability in the U.S. 
Capital Facilities Industry."17 The study quan
tified the cost of inefficient interoperability in 
commercial, institutional and industrial facili
ties in the year 2002. Results showed that inef-
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ficient interoperability cost the industry $15.8 
billion in 2002 with increased new construc
tion costs of about $6 per square foot.17 

The use of computers for structural engi
neering will rapidly go beyond integrating 
analysis and design. Because of the potential 
productivity gains implied by the NIST esti
mate of $15.8 billion of waste, the industry 
will move towards interoperability, if not by 
national standards, then by the dominance of 
commercial leaders. De facto standards have 
been set by the dominance of commercial 
leaders (such as those set by Autodesk with 
AutoCAD and the .dwg CAD file standard). 
Interoperability will come to the construction 
industry through highly detailed information 
databases for entire buildings that contain the 
information for all the materials and systems 
that comprise the building. These relational 
databases are called building information 
modeling (BIM). Autodesk and Bentley, as 
well as other companies, have already 
released such products incorporating BIM. 

BIM uses the concept of object-oriented 
three-dimensional modeling that is already 
being employed by the aerospace and auto
mobile industries. In other words, the user 
works with intelligent components (such as 
walls, doors and windows, columns, footings, 
ducts, etc.) to create a virtual building from 
which plans, elevations, sections and details 
are extracted in the form of drawings. The 
drawings look like those developed from tra
ditional two-dimensional CAD, but they are in 
fact just reports from the database. Building 
data such as material quantities can also be 
extracted in the form of schedules. The object
oriented modeling allows for the rapid con
struction of the model. 

The leading BIM software solutions also 
allow bidirectional editing. Changes to the 
extracted views or schedules affect the model 
as well as all other views, schedules and infor
mation throughout the model. All information 
is interrelated at all times in one database sys
tem. The fact that the construction documents 
are reports from the database ensures that 
they are well coordinated at least with respect 
to the data in the model. 

All disciplines of the design team, as well as 
the contractor, can collaborate on the develop-
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ment of the database and the model. With all 
the data from all the parties entered into one 
database, the information on the project is 
well coordinated. Programming embedded in 
the sofhvare identifies interferences or con
flicts between the trades and disciplines. But 
BIM moves beyond just the physical represen
tation of the building and the transformation 
of paper documents into electronic form. The 
database contains information that can assist 
cost estimates, scheduling, energy analysis, 
fabrication and maintenance. 

BIM database solutions, such as Bentley 
Architecture and Revit (from Autodesk), are 
already developing relationships with struc
tural analysis and design software to achieve 
interoperability with them. Similar develop
ments are underway for mechanical engineers 
as well. The vision is that the model devel
oped in BIM will include all pertinent engi
neering data. Data then flows from BIM to the 
analysis and design software with results 
coming back to update BIM. Proponents of the 
BIM concept see this new process as a means 
to reduce risk from the now-fragmented 
process that relies on the architect (or design 
professional leading the project) to coordinate 
and integrate work from several separate enti
ties. 

The value of these first-generation BIM 
solutions will be the coordination of data con
tributed from fragmented sources (architects 
and consultants) by providing interference 
checks, allowing clearer communication 
between participating parties and producing 
drawings and documents from the same data
base or interrelated databases. However, just 
as structural design software has become 
more intelligent and comprehensive, so too 
will BIM become more capable - containing 
or associating with analytical tools and other 
software, and, if not automating the design 
process, certainly automating the design doc
umentation process. 

No one knows the ultimate impact of BIM 
software on the professional services market. 
Outsourcing of engineering man-hours has 
been in the press lately. The premise for out
sourcing is that overseas labor is becoming 
well trained and is in a position to provide 
engineering hours for considerably less 



money. On the one hand, as design software 
reduces man-hours, the financial gains from 
outsourcing diminish. On the other hand, 
automated design software homogenizes the 
product, enabling overseas manpower to pro
duce exactly what is done here. The ability to 
meet and interface with the rest of the design 
team to exchange and integrate design ideas 
becomes the major value of using a local team. 
What will BIM do to this equation? Will this 
technology make it easier for overseas engi
neers to contribute locally? 

Conclusion 
The first and second generations of structural 
software led to modest productivity gains as 
these analysis tools had little impact on the 
overall design process, especially with respect 
to how the structural engineer interacted with 
the rest of the design team. The third genera
tion of structural software in use now, by inte
grating the analysis and design of building
whole systems, has had a major impact on the 
design process. It is debatable whether struc
tural engineers have yet fully adapted best
practice procedures for software that can 
almost fully automate the design and analysis 
of a building. And as structrual software 
moves towards its fourth generation and is 
tied to BIM software that allows the automat
ic generation of drawings and reports, engi
neers will have to redefine their roles and 
responsibilities for what well may be a para
digm shift in the industry. 

NOTE - This article was originally presented to 
the 2005 Lecture Series sponsored by the 
Structural Group of the Boston Society of Civil 
Engineers Section/ASCE. 
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Methods 

Tunneling Through Soft 
Ground Using Ground 
Freezing 

Ground freezing represents 
a viable solution to create 
a watertight and load-carrying 
soil body in water-bearing 
soil. 

HELMUT HASS 

The ground freezing method was devel
oped in the nineteenth century by the 
German engineer Friedrich Poetsch. 

The method was developed to sink shafts 
through water-bearing soils down to hard 
rock and coal seams. It was the only safe 
method to construct shafts with depths of 
more than 50 meters (160 feet) in water-satu
rated soil. The deepest freezing shaft complet
ed so far in Germany was in Rheinberg with a 
depth of more than 600 meters (1,925 feet). 
Figure 1 shows the original patent document 
for this method, which was dated 1883. 

Ground freezing is a process where in-situ 
pore water is converted to ice. Like the cement 
in concrete, the ice bonds the soil particles 
together, imparting strength and imperme
ability to the frozen soil mass. Ground freez-

ing is based on withdrawing heat from the 
soil. A continuous supply of energy is usually 
required to establish and maintain a frozen 
soil body. 

In order to freeze a body of soil, a row of 
vertical, horizontal or inclined freeze pipes 
have to be drilled into place. An open-ended 
inner pipe (sometimes referred to as the down
pipe) is inserted into the center of the closed
end freeze pipe (see Figure 2). The down pipe 
is used to supply the freeze pipe with a cooling 
medium, usually brine or liquid nitrogen. The 
inner pipe is connected to the supply line and 
the outer pipe to a return line (when brine is 
used) or an exhaust line (when liquid nitrogen 
is used). The coolant flows through the inner 
pipe to its deepest point. On its way back 
through the annulus between the inner ( down) 
pipe and freeze pipe, the coolant picks up heat 
from the soil and warms. Due to the flow of the 
coolant, the frost penetrates outward from the 
pipe into the soil and a ring of frozen soil 
occurs around the freeze pipes as heat is with
drawn. Freezing generally occurs initially at 
the bottom depths and progresses upward. 
Depending on the arrangement of the freeze 
pipes, all shapes of frozen soil walls (bodies) 
can be achieved as required for an individual 
task. 
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FIGURE 1. A ground freezing patent docu
ment from 1883. 

Brine freezing requires a closed circulation 
system and the use of refrigeration plants. The 
brine (usually water mixed with calcium chlo
ride, CaC12) picks up heat at the bottom of the 
down pipe, then it flows back through the 
insulated surface manifold system before 
returning to the freeze plant for recooling in 
the vaporizer. The principle of brine freezing 
circulation is presented in Figure 3. The brine 
supply temperature, T, generally ranges from 
-20 to -37 degrees Centigrade (-4 to -35 
degrees Fahrenheit). 
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Supply Line 

FIGURE 2. A diagram showing the ground 
freezing principle. 

The entire freezing plant consists of the 
required number of freeze units, several addi
tional components (such as low voltage 
switch-gears), tanks for the brine backflow 
and the back cooling units (cooler) that 
remove heat from the warmed cooling agent. 
Several freeze units can be combined in a 
more powerful freeze plant. To minimize fresh 
water consumption, special recooling systems 
should be connected for heat exchange with 
the air. Currently, it is state of the art to use 
ammonia as the cooling agent to remove the 
heat. Ammonia is much more environmental
ly friendly than hydrocarbon fluoride (Freon), 
which was used until 20 years ago. 

With liquid nitrogen freezing, heat is 
extracted from the soil through direct vapor
ization of a cryogenic fluid (LN2) in the freeze 
pipes. From an on-site storage tank or directly 
from a tank truck, the LN2 is fed through an 
insulated surface manifold system, usually 
consisting of copper pipes and quick-connect 
cryogenic hoses, into the inner pipes as shown 
in Figure 4. 

The LN2 starts to vaporize at a temperature 
of -196 degrees Centigrade (-321 degrees 
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FIGURE 3. Typical set-up for brine freezing. 

Fahrenheit) in the annulus between the freeze 
and inner pipes, picking up heat on its way 
up. The cold nitrogen gas is directly vented 
into the atmosphere; the gas exhaust tempera
ture is measured with temperature sensors. 
The amount of LN2 that is fed into the inner 
pipe is controlled by a cryogenic two-way 
solenoid valve. The solenoid valve is con
trolled by the nitrogen gas exhaust tempera
ture, and either opens or closes based on pre
set temperature limits. 

Freezing with LN2 is fast. A frozen soil 
body can be formed within a matter of a few 
days with LN2; whereas it takes weeks for the 
brine freezing system. However, due to its 
high cost, the use of LN2 for ground freezing is 
usually limited to short-term applications or 
limited volumes of frozen soil. 

The Behavior of Frozen Soil 
The behavior of frozen soil under quasi-static 

loading usually differs significantly from that 
of unfrozen soil due to the presence of ice and 
unfrozen water films. Freezing will increase 
the strength and stiffness of the soil. 
However, frozen soils are much more subject 
to creep and relaxation effects and their 
behavior is strongly affected by temperature 
changes. The viscoelastic behavior of ice is 
dependent on many additional factors, such 
as sali11ity, pressure, strain rate, crystal orien
tation and density. 

Time-Dependent Creep Behavior. Figure 5 
shows typical idealized curves of creep and 
corresponding strain rate versus time, assum
ing constant stress and isothermal conditions. 
Three distinct phases, or stages, of creep are 
usually evident. After an instantaneous strain 
(elastic deformation), the primary phase, or 
Stage 1, is characterized by strengthening with 
a continuously decreasing strain rate. The sec
ondary or steady-state creep phase, or Stage 2, 
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FIGURE 4. Typical set-up for liquid nitrogen freezing. 
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FIGURE 5. A typical creep curve for frozen soil. 
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FIGURE 6. Frozen soil strength versus tem
perature. 

is characterized by a constant creep rate, which 
is the minimum rate reached during the test. 
Finally, the tertiary phase, or Stage 3, is charac
terized by an accelerated creep rate, which 
leads to the ultimate failure of the specimen. 
Because of the creep behavior of frozen soil, a 
decrease of strength and stiffness from 40 to 60 
percent of the initial values has to be consid
ered, depending on the time period of ice serv
ice on a project. 

Temperature-Related Behavior. The uniaxial 
unconfined compressive strength, q1, of the 
frozen soil is an important value for the struc
tural design, as is the Young's modulus of 
elasticity, E. These parameters are not only 
time dependent, they are also strongly 
dependent on the temperature. In Figure 6, the 
uniaxial strength versus temperature is shown 
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FIGURE 7. Frozen soil strength versus satu
ration. 

for specific soil layer tests conducted in the lab 
on a range of typical soil types and for pure 
ice. (The curves shown in Figure 6 are based 
on lab test results from a project in Diisseldorf, 
Germany.) 

The average temperature of frozen soil usu
ally ranges from -5 to -25 degrees Centi
grade (23 to -13 degrees Fahrenheit) and the 
lowest temperature is usually not colder than 
-50 degrees Centigrade (-58 degrees Fahren
heit). In this range, the strength behavior of 
frozen soil is almost linear. 

Influence of Water Saturation. The strength 
and the stiffness of the frozen soil also depend 
on the degree of water saturation as the frozen 
water bonds the soil particles. Figure 7 shows 
the compressive strength of frozen soil versus 
the degree of water saturation. With a satura
tion of 40 percent, fine sand has a compres
sive strength of approximately 60 percent of 
its maximum strength (a saturation of 100 
percent). Given the same saturation, gravel 
achieves approximately 35 percent of its max
imum value. 

Frost Heave. Another property that has to be 
considered is the frost heaving of frost-suscep
tible soil. Figure 8 shows typical curves of 
frost heave rate versus permeability. Frost 
heave is reduced as overburden pressures 
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FIGURE 8. Frozen soil frost heave behavior. 

increase. Therefore, three curves for different 
pressures are shown. The diagram also shows 
curves of possible frost pressure that may 
occur if the soil is confined due to local condi
tions. It is notable that the highest frost heave 
occurs in soil with a permeability of 1 X 10-6 
to 1 X 10-7 meters (0.00004 to 0.000004 inches) 
per second. This permeability is typical for silt 
or silty clay. The highest frost pressure can 
occur in clayey soils. 

Groundwater Velocity. Groundwater flow can 
have a major impact on the freezing operation. 
Flowing water provides a continuous source of 
heat, and can significantly delay the freezing 
time. In a worst-case scenario, a state of ther
mal equilibrium can be reached in which the 
soils stop freezing and closure (merging of the 
frozen soil cylinders of adjacent freeze pipes) 
of the freeze wall cannot be achieved. 

As a rule of thumb, effective flow velocities 
(seepage velocity) of less than 2 meters (6.5 
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feet) per day for brine freezing and 4 to 6 
meters (13 to 19 feet) per day for LN2 freezing 
seem to have little or no effect on the freeze 
wall development. For higher groundwater 
flow rates, the following measures can help 
ensure timely formation of the freeze wall: 

• reduced freeze pipe spacing; 
• installation of additional freeze pipes (sec

ond or third row) preferably on the up
stream side; 

• lowering of the brine temperature 
through increased refrigeration capacity; 

• use of liquid nitrogen in critical areas; 
• grouting to reduce permeability and 

groundwater flows to acceptable levels; and, 
• installation of intercepting wells to reduce 

the groundwater gradient. 

Application of Ground Freezing 
Ground freezing is mostly used for temporary 



ground support or as temporary structural 
elements or as a groundwater control system. 
The advantage of frozen ground is that frozen 
water is 100 percent impermeable soil. 
Obstacles like stones, concrete remnants or 
similar materials, which cause problems when 
grouting techniques are used for sealing tasks, 
will just be embedded in the frozen soil vol
ume as the frost grows through and around 
the obstacles. 

Ground freezing is being used in under
ground construction projects for: 

• sinking and lining of deep mineshafts to 
depths of more than 600 meters (1,925 
feet); 

• deep excavations (shafts); 
• tunneling using the sequential excavation 

method (SEM) under the protection of a 
structural and watertight frozen soil body; 

• cross-passages between shafts and tunnel 
tubes, or between tunnel tubes; 

• large open excavations, retaining walls; 
• temporary soil improvement under foun

dations; 
• temporary sealing of leaks; and, 
• temporary water cut-off for connections at 

the interface between existing and new 
underground structures. 

Ground freezing is environmentally friendly 
since no barriers (such as diaphragm walls, 
chemical grouts or other grouting materials) 
remain in the ground after the application. 
Ground freezing can also be used for environ
mental applications such as freezing the soil of 
a landfill to keep the contaminated material in 
the soil from spreading during excavation. 

Investigation & Lab Testing 
Groundwater Conditions. Groundwater flow 
can have a major impact on the freezing oper
ation. The hydraulic conductivity, k, and the 
groundwater gradient on the site must be 
ascertained to evaluate any existing ground
water flow conditions. Attention must be paid 
to possibly increased flow velocities in local
ized zones of coarse-grained layers. Existing 
or planned nearby dewatering measures may 
also influence the groundwater flow and may 
cause high groundwater velocities. 

Observation wells upstream and down
stream of the frozen soil body have to be 
installed. Investigation of the existing ground
water flow conditions can be conducted by 
using single borehole testing in observation 
wells. These tests should encompass: 

• Dilution tests using dyes and other trac
ers. With this test, the groundwater flow 
direction and velocity can be determined 
for each layer versus depth. 

• Determination of the permeability over 
the whole depth with flowmeter tests. 

In case tracer tests cannot be performed, the 
permeability of each layer should be deter
mined by using flowmeter tests and should be 
based on grain size distribution. Based on the 
groundwater level gradient, the flow direction 
and velocity can be estimated. 

Subsurface Conditions. It is strongly recom
mended to investigate the existing soil condi
tions by using drilling methods with continu
ous undisturbed sampling to get a continued 
soil profile over depth that reveals all existing 
layers. The core diameter should be at least 50 
millimeters (2 inches), but sizes of 75 to 100 
millimeters (3 to 4 inches) are preferred. 

Laboratory Testing Program. A test program 
for ground freezing purposes is required to 
verify the estimated soil parameter values or 
to determine the actual range of soil parame
ters in frozen and thawed conditions. The test 
program has to be conducted by experienced 
personnel in a laboratory specially equipped 
to evaluate frozen samples. 

The test program should provide at least 
the following information about the soil layers 
at the construction site: 

• Index properties: grain size distribution, 
specific gravity dry unit weight, Atterberg 
limits, degree of saturation, salinity; 

• Frost deformation behavior in case the 
soil is frost-susceptible (frost heave tests); 
and, 

• Geotechnical soil properties on unfrozen, 
frozen and thawed samples. These tests 
should be performed on soils taken from 
the boreholes at the site to determine: 
temperature-dependent shear strength, 
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FIGURE 9. Frozen creep tests in a special laboratory. 

temperature-dependent unconfined com
pression strength, and time- and tempera
ture-dependent creep behavior (see 
Figure 9). 

Based on the results of the lab test program, 
the temperature- and time-dependent frozen 
soil design parameters can be specified as 
input data for the final design. 

Design of Ground 
Freezing Applications 
Thermal and structural calculations are 
required for the design of a ground freezing 
project. The thermal design determines the 
freezing time to form the freeze wall, freeze 
plant capacity, freeze plant operation during 
maintenance freezing and temperature devel
opment, as well as temperature distribution in 
the soils. The structural design provides the 
dimensions of the freeze wall and the required 
average freeze wall temperature. 

Thermal Design. The thermal design can be 
based on rough calculations for the freeze 
wall growth and the heat flux using analytical 
methods during a pre-design phase. In most 

( 
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final designs, thermal calculations using .the 
finite-element method (FEM) are required to 
verify results of the pre-design and to opti
mize the freeze pipe spacing and arrange
ment as well as freeze plant capacity. Using 
this method, the actual conditions (freeze 
pipe spacing and location, interrelation of 
adjacent freeze pipes, dependencies of freeze 
wall growth between different layers, etc.) 
can be effectively varied and optimized. For 
the actual thermocouple locations, these cal
culations can predict time-dependent temper
atures that can then be used for direct com
parison with the actual thermocouple read
ings during the freezing operation. 

Using the numerical finite-element method, 
the following design conditions can be consid
ered: 

• different soil layers; 
• different initial temperatures in the soil 

layers; 
• varying freeze pipe spacing and varying 

freeze pipe temperatures; 
• different and temporarily changing freeze 

plant capacities for brine freezing; 



• intermittent freezing during maintenance; 
and, 

• additional heat sources or thermal bound
ary conditions. 

The results of the analyses should include: 

• the time-dependent development of the 
frozen soil body; 

• the average frozen soil temperature to 
verify the time-dependent frozen soil 
parameter (e.g., strength, stiffness, etc.) 
used for the structural design; 

• the time required to freeze the designed 
frozen soil body; 

• optimization of the freeze pipe arrange
ment and freezing operation; 

• the time-dependent temperature distribu
tion in the soil; 

• determination of energy consumption; and, 
• design of the capacity of the refrigeration 

plant (for brine freezing). 

Figure 10 shows the temperature distribution 
in a frozen soil body after a certain freezing 
time from a thermal FEM analysis. 

Struc:tural Design. Structural design is 
required when the frozen soil body serves 
both as structural element and to cut off water. 
For many practical applications, it is sufficient 
to check the stress in the structural design of 
the freeze walls. The required structural 
design data for the allowable stress - Young's 
modulus and shear parameters - will be 
determined using the projected frozen soil 
stand-up time. 

The basis for the sound structural design of 
a load-bearing frozen soil structure is extensive 
knowledge of the time- and temperature
dependent strength and deformation proper
ties of the material. Frequently, the complex 
time-dependent stress-strain characteristics are 
simplified for the structural design. However, 
in some cases, the entire stress-strain-history 
from the start of loading has to be considered. 
Detailed time-dependent solutions can be 
reached by using numerical methods. Strength 
properties of the frozen soil body change 
according to the temperature distribution 
throughout its cross section. Whereas the 
strength is highest in the center of the frozen 

soil body, strength decreases towards its 
boundaries (0 degree Centigrade [32 degrees 
Fahrenheit] isotherm for fresh water). Due to 
this fact, it is possible that the stress at the 
boundaries exceeds the load support capacity 
of the soil body. In this case, plastification and 
subsequent stress redistribution will take place. 
The resulting stress distribution is now similar 
to that of the temperature distribution. 

Final structural analysis of the freeze wall 
can be performed using FEM. Frozen and 
unfrozen soil stress-strain behavior can be 
simulated with a non-linear model. The ad
vantage of using FEM is that it realistically 
accounts for both the frozen and the unfrozen 
soil. A major disadvantage of a more direct 
analytical approach is that it uncouples the 
frozen soil wall from the surrounding 
unfrozen soil and the external loads of earth 
and water pressure (plus any surcharge loads 
that are applied to the freeze wall). 

The calculated deformations should 
include the effects of: 

• excavation (stress relief and redistribu
tion); and, 

• creep characteristics of the frozen soil 
thawing. 

Depending on the wall shape (straight or 
curved), the frozen soil body may only take 
limited loads; therefore, the design of addi
tional support measures is required. These 
additional measures may consist of shotcrete 
application, or support measures such as 
anchors, beams or similar structures. 

Design of Freeze Plant Capacity. The required 
capacity of the freeze plant (brine freezing) or 
the required amount of liquid nitrogen 
depends, among other things, on the number 
and length of freeze pipes, the total volume of 
the frozen soil, the freeze time and the 
required freezing temperature. In addition, 
the freeze plant must also be integrated into 
the construction program. A freeze plant may 
consist of several freeze units that are con
nected to one system based on the required 
capacity. After the freeze wall is built up to its 
required shape and thickness, it is usual prac
tice to provide an intermittent level of cooling 
that is needed for the maintenance of the 
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FIGURE 10. Results of a thermal FEM analysis. 

frozen wall. Its capacity and its time-depend
ent development will be based on the thermal 
design analysis (as discussed above). 

Risk Analysis. A sufficient risk analysis and 
appropriate measures to deal with these risks 
should be provided. Potential risks are: 

• deviation of freeze pipe drillings; 
• areas with unexpected high groundwater 

velocity; 
• high groundwater salinity or contamina

tion; 
• inexperienced contractor; 
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• unexpected leakages; 
• frost heave deformations; 
• freeze plant/unit failure; and, 
• electricity power failure. 

Monitoring & Quality 
Control During Conduction 
The construction of the frozen wall has to be 
monitored. Aside from measuring the tempera
ture of the cooling agent, soil temperature meas
urements are of utmost importance. All essen
tial data should be collected in one place and 
analyzed with computer-supported methods. 



The following measurements should be 
taken to check the operation of the freeze sys
tem: 

• temperature at the inlet and outlet of the 
freeze plant (brine) or the tank (LN2 out
let), as well as flow and return tempera
tures of the brine; 

• pressure of the cooling agent at the pres
sure side of the pumps and at the collect
ing main (brine freezing); 

• the flow volume of the brine in particular 
locations; 

• the liquid level in the brine collecting 
tank; 

• the density of the cooling agent; and, 
• the brine (or nitrogen exhaust) tempera

ture should be monitored at every single 
return (exhaust) line, checking the proper 
cooling agent flow. 

To check and control the freezing process, 
temperature measurements in the soil are 
strongly required. The spacing of thermocou
ples in temperature holes should be adjusted 
to the expected critical areas. In the area of the 
expected conditions (critical layers, freeze 
wall connection to structures, etc.), the ther
mocouple or monitoring hole spacing should 
be reduced. Figure 11 presents the time
dependent development of the frozen soil 
thickness based on temperature monitoring 
data that is compared with results based on 
thermal FE-calculations. 

It is important to survey the actual location 
and deviation of each and every freeze pipe 
and temperature monitoring pipe. The tem
perature readings for monitoring can only be 
evaluated sufficiently if the exact location of 
each thermocouple and their distances from 
the two closest freeze pipes are known, 
because high temperature gradients may 
occur in some areas of the frozen soil. 
Otherwise, it is not possible to properly evalu
ate the temperature data and to obtain the 
right assessments. 

Based on the survey data of all the pipes, 
the actual location of the pipes can be evaluat
ed to determine if the freeze pipe spacing is 
sufficient at all locations. If required, addition
al drillings can be conducted before the freez-

ing operation starts. The actual location of the 
freeze pipes and the thermocouples can be 
incorporated in the thermal FE model and the 
predicted time-dependent temperatures can 
be used for direct comparison with the related 
thermocouple readings during the freezing 
operation. 

To guarantee the tightness of the freeze 
pipes, pressurization tests inside every pipe 
are strongly recommended before the freeze 
supply lines are connected. If freeze pipe leak
ages occur, brine would penetrate into the soil 
and would cause the immediate thawing of 
the frozen soil in that area. Depending on the 
amount of brine that has leaked, serious prob
lems with the freeze wall can occur. 

The monitoring program should also meas
ure for deformation. These measurements 
should include: 

• frost heave measurements of existing 
buildings or structures and the ground 
surface; 

• inclinometer, or similar measurements, in 
the structural frozen soil body; and, 

• extensometer measurements to check 
frost heave deformations in the subsur
face. 

There should also be pore pressure monitor
ing using pressure transducers, as well as 
groundwater level monitoring. 

Completed Projects 
Subway Section 3.4H, Dilsseldorf, Germany. As 
part of the Diisseldorf mass transit subway 
system expansion, four 40-meter (128-foot) 
long tunnels were excavated directly below 
buildings and a major roadway. All four tun
nels were advanced using SEM (formerly 
called the New Austrian Tunneling Method 
[NATM]). In each case, there was very little 
space between the roof of the tunnel and the 
bottom of the overlying building foundations. 
As a result, any ground loss, or other causes of 
settlement due to tunneling, would have led 
to direct and adverse movement of the exist
ing building foundations. 

The individual tunnels were located in 
granular soils. The general soil profile consist
ed of intermittent changing Quaternary sand 
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FIGURE 11. A comparison of temperature monitoring and FE-calculation results from the 
Westerscheldetunnel in the Netherlands. 

and gravel layers. Underlying this stratum 
was very dense Tertiary fine sand. 

For the driving of three of the tunnels, the 
gravel and sands were stabilized and the 
groundwater was controlled by ground freez
ing using a brine coolant (see Figure 12). Table 
1 lists the data of the three frozen soil bodies 
for Tracks 1, 3 and 4. 

For the ground freezing operation of the 
three tunnels, a freeze plant of two units with 
an operating brine temperature of -35 
degrees Centigrade (-31 degrees Fahrenheit) 
and a capacity of 330 kW each were used. The 
freeze plant was installed in an isolated hall 
because of the urban residential area. 

A unique feature of the ground stabilization 
for this project involved the freezing of natural 
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unsaturated soil above the groundwater table. 
To ensure that the soil mass to be frozen had 
an adequate bearing capacity, water was 
injected into the soil. To do this, vertical cut-off 
walls were grouted along the sides of the tun
nel to reduce the run-off of water injected into 
the soil. Water injection and freezing were 
conducted in four phases (see Figure 13). 

All of the tunnels were driven without 
incident and with only negligible subsidence 
to the buildings and the main road directly 
above the tunnels. Figure 14 shows the very 
close distance from the buildings to the tun
nel of Track 1 and the highly demanding 
urban conditions. The access shaft was locat
ed in the backyard of two residential build
ings. 
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FIGURE 12. Cross-sections of the three track tunnels on the Diisseldorf subway project 
where brine ground freezing methods were applied. 

Fahrlachtunnel in Mannheim, Germany. To 
relieve urban traffic congestion, the city of 
Mannheim in Germany built the Southern 
Expressway. The alignment required the con-

struction of a 305-meter (978-foot) long tunnel 
that passes beneath a wide rail corridor with 
eleven frequently used railroad tracks in 
downtown Mannheim. During the entire con-

TABLE 1. 
Data for the Dusseldorf Subway Project 

Top of Frozen Frozen Soil Frozen Soil 
Soul Below Excavation Frozen Soil Volume, m' (ft') Thickness, m 
Foundation, m (ft) Zone, m' (ft') Length, m (ft) (ft) 

Track 1 0.6 (2) 46 (495) 48 (154) 1,600 (56,503) 1.5 (5) 

Track 3 1.8 (6) 42 (452) 40 (128) 2,600 (91,818) 1.5 (5) 

Track 4 6.7 (21.5) 75 (807) 40 (128) 2,900 (102,412) 2.2 (7) 
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FIGURE 13. Water injection and freezing phases for the Diisseldorf subway project. 

struction time no interruptions to the high
speed railroad service were to be tolerated. 

The tunnel was divided in two cut-and-cover 
sections and one 184-meter (590-foot) long sec
tion directly underneath the railroad tracks. 
That section was advanced using SEM under 
the temporary protection of a structural and 
watertight frozen soil ring. The construction 
method was based on an alternative approach 
(value engineering) submitted by the contractor 
Goint venture). Figure 15 shows a model of the 
tunnel alignment and the railroad tracks. 

The temporary frozen tunnel was located in 
very heterogeneous soil. The general soil pro
file consisted of a 4-meter (13-foot) fill layer 
followed by a 2-meter (6.5-foot) silt layer. 
Below the clay were alternating layers of sand 
and gravel with thicknesses ranging from a 
few centimeters to several meters. There was 
also a wide range of grain size distributions. 
The groundwater level ranged from 3.5 to 7.5 
meters (11 to 24 feet) below the surface. A 
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schematic longitudinal section with the geo
logical profile is shown in Figure 16. 

The top of the frozen tunnel was very close 
to the railroad tracks and the frozen soil body 
was partly above the groundwater level. The 
water saturation in this area had to be artifi
cially increased to achieve the required 
strength of the frozen soil. An additive was 
administered to the water in order to increase 
its viscosity, thereby slowing the flow of the 
artificial watering. In addition, grouting meas
ures were conducted to reduce the groundwa
ter velocity in layers with high permeability. 

The frozen tunnel length was divided by a 
transverse frozen soil bulkhead across its 
length. The width was also divided so that, in 
total, four tunnel-drifts, each 90 meters (289 
feet) long, were advanced by using SEM. 
Figure 17 shows a cross-section of the tunnel 
using ground freezing. 

An auxiliary tunnel with a diameter of 
approximately 2.4 meters (8 feet) was 



FIGURE 14. Access shaft of the tunnel of Track 1 on the Diisseldorf subway project. 

advanced above the groundwater level using 
SEM in order to install the freeze pipes for the 
transverse bulkhead as well as the pipes for 
water injection and grouting. 

The drilling for the installation of the longi
tudinal freeze pipes started with conventional 
small-diameter drilling techniques from both 
sides towards the frozen soil bulkhead. The 
deviations of these shafts were so great that 
the required accuracy could not be achieved 
over the entire drilling length of 90 meters 
(289 feet). The accuracy was only acceptable 
for lengths between 40 .to 50 meters (128 to 
160 feet), which was not sufficient for the proj
ect. To solve this problem, microtunneling was 
required. The microtunneling technique used 
to install the long freeze pipes utilized a diam-

eter of 47 centimeters (18.5 inches) to obtain 
the required accuracy. Overall, 86 microtun
nels were drilled. Each tube contained two 
freeze pipes. After the installation of the 90-
meter (289-foot) long freeze pipes, the remain
ing space inside the microtunnel tubes was 
filled with a cement mortar. The summary 
parameters for this ground freezing project 
are: 

• There were four frozen tunnel drives; 
• The depth of the frozen soil top below the 

railroad varied from 3.7 to -7.0 meters 
(12 to -22.5 feet); 

• The excavation zone for each tunnel drive 
was 100 square meters (120 square yards); 

• There were 86 microtunnels, each with a 
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FIGURE 15. A model of the tunnel and railroad alignment for the Fahrlachtunnel project. 

47 centimeter (18.5 inch) diameter, for a 
total length of 7,900 meters (4.8 miles); 

• Total frozen soil length was• 184 meters 
(590 feet); 

• Total frozen soil volume was 27,000 cubic 
meters (35,313 cubic yards); 

• Frozen soil thickness was 1.75 meters 
(5.5 feet), with a saturation of 1.0; 

• Average frozen soil temperature was -10 
to -12.5 degrees Centigrade (14 to 9.5 
degrees Fahrenheit); 

• Freezing time to closure was 30 days; 
• Initial freezing time (time to freeze the soil 
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to the required thickness) was five to eight 
weeks; 

• Frozen ground maintenance freezing time 
was approximately more than four hours 
per day; and, 

• Temperature monitoring was conducted 
with approximately one thermocouple 
per cubic meter of frozen ground, for a 
spacing of either 0.5 or 3.0 meters (1.5 to 
9.5 feet). 

For the ground freezing operation for the four 
tunnel drives, there was a freeze plant that 
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FIGURE 16. Longitudinal section of geology for the Fahrlachtunnel project. 

consisted of four independent units. Opera
ting brine temperature of the plant was -35 
degrees Centigrade (-31 degrees Fahrenheit) 
and the plant had a total capacity of 1,680 kW. 
The plant was designed for the initial freezing 
of one 90-meter (289-foot) long tunnel drive 
and for the frozen ground maintenance of a 
second 90-meter (289-foot) tunnel drive at the 
same time. 

During excavation, an initial shotcrete lin
ing with a thickness of 35 centimeters (14 
inches) was applied. The final concrete lining, 
with a thickness of 50 centimeters (20 inches), 
was installed in each tunnel drive after the ini
tial lining was placed. 

So far, the Fahrlachtunnel is the largest tun
nel construction project that has used ground 
freezing worldwide. Figure 18 presents a view 
to the launching shaft at the south side of the 
tunnel. 

Rehabilitation of a Jet Grouted Seal Block for 
Fernbahntunnel, Lot 3, in Berlin, Germany. The 
Fernbahntunnel Project Lot 3 consisted of con
struction of an underground railway with four 
tracks. For the tracks, four single tubes with an 

excavation diameter of 8.9 meters (28.5 feet) 
and a 7.8-meter (25-foot) inside diameter 
were driven using slurry shield tunnel boring 
machines (TBMs). The launching shaft had a 
length of 40 meters (128 feet), width of 60 

Auxiliary Gallery for 
Groundwater Infiltration, 
Bulkhead Freezing, 
Temperature Measurement 
of the Frost Blanket 

Final State ◄-+-► Construction State 

FIGURE 17. A cross-section of the Fahrlach
tunnel. 
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FIGURE 18. The southern side of the deep excavation for the Fahrlachtunnel. 

meters (192.5 feet) and a depth of 15 meters 
(48 feet). It was constructed using a large cais
son, which contained four openings that were 
temporarily plugged with non-reinforced con
crete for the later launching of the four TBMs 
through the caisson wall. It was planned to 
remove the non-reinforced concrete prior to 
TBM installation. A jet grouted seal block was 
constructed after the caisson was sunk to seal 
the openings after the removal of the concrete. 
The seal block served both as a structural ele
ment (soil and water pressure) and to cut off 
the water. · 

During the removal of the concrete for the 
first opening, initially just water and then later 
large amounts of water and soil flowed into 
the caisson. The leakage could not be stopped 
and the workers had to be evacuated. The loss 
of soil outside of the caisson caused a sinkhole 
at the ground surface and the caisson finally 
was flooded in order to prevent more damage. 

Because of the significant leakage of the 
seal block, and also due to the soil movement, 
numerous cracks in the seal block were 
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assumed to have occurred. The decision was 
made to seal and strengthen the block using 
ground freezing. Ground freezing was select
ed because all existing cracks and leaks could 
be reached as the frost would grow in the 
whole block. Figure 19 shows a vertical sec
tion of the caisson and the seal block. 

The undisturbed ground in the area of the 
caisson consisted of fine to medium sand with 
interbedded gravel layers a few centimeters 
thick over the whole depth. The groundwater 
level was approximately 3 meters (9.5 feet) 
below the surface. The existing seepage veloc
ities were 1.5 meters (5 feet) per day and, 
therefore, not considered critical for ground 
freezing purposes. 

For the remediation efforts, the thickness 
and the width of the seal block were enlarged 
with jet grouting techniques. The final total 
thickness was approximately 7.4 meters (24 
feet) for structural and safety reasons. 

The purpose of rehabilitating the seal block 
using ground freezing was to provide tempo
rary groundwater cut-off and ground support 
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FIGURE 19. A vertical section of caisson and 
seal block for Fernbahntunnel Lot 3. 

for the time that was needed to lower the 
water inside the caisson, remove the non-rein
forced concrete plug and install a watertight 
membrane structure in the opening where the 
plug had been. 

Based on the project's structural design, the 
required freeze wall thickness was 3.5 meters 
(11 feet). The freeze wall was width was 60 
meters (192.5 feet) and its height was 16 meters 
(51 feet). It had a total frozen volume of 3,400 
cubic meters (4,447 cubic yards). Based on ther
mal FE calculations, three rows of freeze pipes 
with the following spacings were chosen: 

• Row 1 (next to the caisson): 0.9 meters (3 
feet); and, 

• Rows 2 & 3: 1.2 meters (4 feet). 

The freeze pipe layout was required to meet 
the following demanding requirements for the 
freeze wall: 
• Freeze wall temperature of :,;;:; -10 

degrees Centigrade (14 degrees Fahren
heit); 

• Outer edge temperature of :,;;:; -2 degrees 
Centigrade (28 degrees Fahrenheit); and, 

Temperature Monitoring Pipe 
Freeze Wall (3 Rows) 
HDI-Block 

~60 m 

Freeze Pipes 

0 
N 

FIGURE 20. Top view and freeze pipe layout 
for Fernbahntunnel Lot 3. 

• Temperature at the caisson interface of 
more than -10 and less than -20 degrees 
Centigrade (14 and-4 degrees Fahrenheit). 

The last requirement was necessary to limit 
the temperature-induced stresses in the con
crete of the caisson wall. Figure 20 shows a top 
view of the caisson with the freeze pipe lay
out. 

Following are the parameters for the freeze 
system used for this project: 

• Total of 184 freeze pipes in three rows -
66 in Row 1 and 50 each in Rows 2 and 3 
(see Figure 21); 

• Seven freeze pipes at the side; 
• 35 temperature monitoring pipes; 
• Six to ten thermocouples per monitoring 

pipe; 
• A total of 350 thermocouples to monitor 

the ground and brine temperatures; 
• Total freeze plant capacity of 465 KW at 

-35 degrees Centigrade (-31 degrees 
Fahrenheit); 

• Cooling agent was CaC12 brine (30 per
cent); 

• Freeze-up time for first section (Openings 
1 and 2) to meet all design requirements 
was approximately five weeks, although 
an additional two weeks of freezing was 
required by the owner; 
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FIGURE 21. Freeze pipe header, supply and 
return lines on Fernbahntunnel Lot 3. 

• Freeze-up time for second section 
(Openings 3 and 4) was about four and a 
half weeks (time was reduced due to pre
cooling from the adjacent section); and, 

• Freeze wall maintenance phase in both 
sections was about six to ten hours of 
freeze time per day. 

After removing the concrete plug, a special 
watertight membrane structure (developed by 
the main contractor) was installed under the 
protection of the freeze wall at each opening. 
This structure consisted of a circular steel ring 
that was attached to the edge of the opening, 
and a rubber membrane that spanned over the 
entire opening. Bentonite mud filled the space 
between the membrane and the frozen ground. 
Once a steady pressure on the mud was creat
ed, the freezing operation was turned off for 
that opening. Figure 22 shows the freeze wall 
after the removal of the concrete plug and prior 
to membrane installation. The membrane could 
be dismantled and removed after the TBM was 
installed in the launch ring and the chamber in 
front of the cutting wheel was pressurized by 
compressed air. 

FIGURE 22. Freeze wall exposed after the removal of the concrete plug. 
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FIGURE 23. Section in the area of a cross-passage for the Westerscheldetunnel. 

Prior to launching the air-pressurized 
hydro-shield TBMs, all freeze pipes had to be 
removed and the holes had to be backfilled 
with grout in order to prevent the sudden loss 
of pressure in the chamber in front of the cut
ting wheel during drive of the TBM through 
the seal block. Therefore, the freeze pipes were 
heated until the ground temperature was 
approximately +2 degrees Centigrade (35 
degrees Fahrenheit). 

All line connections were changed from 
the freeze plant to a heat plant, which con
sisted of two electrical immersion type 
heaters with a total capacity of 150 kW. The 
heated brine temperature was +30 degrees 
Centigrade (86 degrees Fahrenheit). It took 
approximately 33 days to heat up the ground 
as required. In the end, all pipes were extract
ed except one, which was removed by being 
overdrilled. 
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FIGURE 24. Longitudinal section and geology for the Westerscheldetunnel project. 
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FIGURE 25. Main tunnel with installed freeze pipes for the cross-passage for the 
Westerscheldetunnel. 

Westerscheldetunnel, Terneuzen, the Nether
lands. Located in the western part of the 
Netherlands, the Westerscheldetunnel connects 
Zeeusch-Vlaanderen withZuid Beveland on the 
continent. The tunnel project consisted of two 
tubes, with each tube containing two road lanes. 
The tunnel tubes were driven under the North 
Sea using two TBMs with a pressure-balanced 
hydro-shield. The bore diameter of the tunnels 
was 11.33 meters (36 feet). Each tunnel tube had 
a length of 6.6 kilometers (4 miles) and the low
est elevation was approximately 60 meters 
(192.5 feet) below mean sea level. 
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For safety requirements, the tunnels were 
connected by cross-passages every 250 meters 
(802 feet). A total of 26 passages with a clear 
cross-section of 6.25 square meters (7.5 square 
yards) and an average length of 12 meters 
(38.5 feet) were built (see Figure 23). The pas
sages were constructed under the temporary 
protection of a watertight and structural 
frozen soil body. The excavation for the cross
passages was done using NATM. 

The individual passages were located in 
both cohesive and non-cohesive soils. The 
general soil profile consisted of 20 to 30 meters 



FIGURE 26. Freeze unit inside the Westerscheldetunnel. 

(64 to 96 feet) of medium dense sand with 
embedded layers of clay, peat and sea silt. 
Underlying this stratum was stiff clay 8 to 28 
meters (25 to 90 feet) thick. Below the clay was 
very dense sand that was hydraulically con
nected to the upper medium dense sand and 
the seawater level. As a result, water pressures 
of 6.5 bars at tunnel depth had to be consid
ered for the design and construction (see 
Figure 24). 

In addition to available soil data provided 
by the owner, further soil investigations and 
lab testing were conducted that focussed on 
determining the soil properties and behavior 
once the soil was frozen and after it had 
thawed. 

Each cross-passage freeze zone consisted of 
22 freeze pipes and two temperature monitor
ing pipes. The freeze pipes were located around 
the excavation line as shown in Figure 25. 

A major construction problem that was 
encountered during the installation of the 
freeze pipes was extremely high water pres
sure. To accommodate the high pressure, a 

special sleeve was designed for the freeze 
pipes. The borings were drilled from the east
ern tunnel tube to the western tube, using a 
specially enhanced lost bit drilling technique. 

For the ground freezing operation of each 
cross-passage, a freeze unit with an operating 
brine temperature of -37 degrees Centigrade 
(-35 degrees Fahrenheit) and a capacity of 94 
kW capacity was used. The freeze unit was 
located inside the launching tunnel tube 
directly beside the cross-passages in order to 
avoid long conduits that would cause heat 
losses (see Figure 26). 

Difficulties in achieving complete closure of 
the frozen soil at the interface of the cross-pas
sage and the receiving tunnel lining were recog
nized during the drilling of the first cross
passage. The problem occurred due to a modifi
cation in a part of the tunnel where steel lining 
segments were used. The steel lining at the 
cross-passage interface resulted in a larger heat 
transfer than was originally anticipated. 

In the parts where the frozen soil body was 
connected to reinforced concrete lining seg-
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men ts no problems 
occurred. However, inno
vative methods to attain 
the proper freeze tempera
tures were needed. For the 
first cross-passage, dry-ice 
was used to cool down the 
steel lining elements at the 
receiving tunnel. Doing so 
resulted in an effective clo
sure. 

FIGURE 27. Cross-passage opening inside a Botlekspoortunnel 
tube. 

For the remaining 
cross-passages, a tempo
rary curtain around the 
steel lining segments was 
installed. Inside the cur
tain room the air was 
cooled down using a spe
cial air-conditioning unit. 
Closure was achieved in 

FIGURE 28. Freeze pipes inside the deep 
shaft for the Botlekspoortunnel. 
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every case without problem. 
Botlekspoortunnel, Rotterdam, the Netherlands. 

The Botlekspoortunnel is part of the 
Betuweroute, a double-track freight train 
route, that links the harbor of Rotterdam with 
the European mainland. The project is consid
ered one of the biggest infrastructure projects 
in the Netherlands. The Betuweroute is 160 

FIGURE 29. A model of the cross-passage 
between the shaft and tunnel tube for the 
North-South City Train Line, Cologne. 



kilometers (97 miles) 
long and requires an 
investment of approxi
mately 4 billion euros. 

The Botlekspoortun
nel is a double-track 
tunnel and is the first 
railway tunnel in the 
Netherlands that was 
built using a pressure
balanced hydro-shield. 
In total, it is 3,400 meters 
(2 miles) long - 1,850 
meters (5,935 feet) were 
built by shield driving. 

For safety require
ments, the tunnel tubes 
had to be connected by 
three cross-passages in 
the area of Rotterdam. 
These cross-passages 

3 I 

Gravel & Sand 

Sand 

Silt 1 

Silt 2 

were also built using the 
ground freezing method. 

FIGURE 30. The deep excavation underneath a main station in 
Leipzig, Germany, using ground freezing. 

But, in contrast to the 
Westerscheldetunnel, an additional deep 
diaphragm concrete wall shaft was built in the 
middle between the tunnel tubes. Once that 
shaft was built, freeze pipe drilling was con
ducted from both sides of the shaft to the adja
cent tunnel tube. 

Because of that shaft, the freeze pipes were 
very short; most had lengths of less than 2 
meters (6.5 feet). Since the volume of the 
frozen soil was relatively small, the liquid 
nitrogen freezing method was chosen. The 
cross-passages were driven using the mining 
method, starting from the sinking shafts to 
both tunnel tubes. 

The cross-passages were at a depth of 
approximately 25 meters (80 feet) below the 
ground surface and the groundwater level. 
The individual passages were mainly locat
ed in non-cohesive soils (medium to very 
dense sands). Only small parts of cohesive 
layers were present in the area of ground 
freezing. 

The freeze-up of the frozen soil body to the 
required thickness of 1.5 meters (5 feet) took 
only one week due to the use of liquid nitro
gen. Figure 27 shows the opening of the cross
passage inside a tunnel tube when the excava-

tion from the shaft was finished. The frozen 
soil body served both as a structural element 
(soil and water pressure) and to cut off the 
water. Figure 28 shows the freeze pipe layout 
from inside the deep shaft. 

Curren,! Projects 
The following projects that utilize the ground 
freezing method are currently under construc
tion or are planned for construction, or have 
been recently finished: 

• Marienplatz, Munich, Germany - The 
expansion of an existing underground 
subway station underneath the city hall 
consists of two freezing sections each 100 
meters (320 feet) long. Currently finished. 

• Subway Vienna, Austria - Undercrossing 
the Danube canal, length approximately 
70 meters (225 feet). Freezing operation 
started in 2005. 

• US Shuttle - Underground station 
Brandenburger Tor Subway line US, in 
Berlin, Germany. Construction of an 
underground station using SEM under 
the protection of frozen soil. Freezing 
operation started at the end of 2005. 
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• North-South City Train Line, Cologne, 
Germany - Construction of one large 
tunnel section (switching station), one 
large section of an underground station 
and several cross-passages (see Figure 29). 
Freezing operations start 2006/2007. 

• Randstad Rail Rotterdam, The Nether
lands - Construction of five cross-pas
sages between two TBM-driven tunnel 
tubes. Freezing operation starts 2006/ 
2007. 

• Hubertustunnel Den Haag, The Nether
lands - Construction of five cross-pas
sages between two TBM-driven tunnel 
tubes. Freezing operation starts 2006/ 
2007. 

• Airport-City Train, Hamburg, Germany 
- Construction of four cross-connections 
between two caissons and two TBM-driv
en tunnel tubes. Freezing operation start
ed in 2005. 

• Central Station, Rotterdam, the 
Netherlands - Large and deep excava
tion at a main station highly frequented 
by traffic and pedestrians, combining con
crete diaphragm walls and freeze walls. 

• City Tunnel, Leipzig, Germany -
Undercutting of an old main station (see 
Figure 30) for the construction of a two
track city train line with excavation 
underneath an existing old main station 
16 meters (51 feet) deep, using frozen 
retaining walls (structural and water cut
off). Length approximately 80 meters (257 
feet). Currently being planned. 

Summary 
In many cases, ground freezing is the only 
solution to create a watertight and load-carry
ing soil body in water-bearing soil. However, 
numerous other applications are possible and 
cost-effective solutions can be realized even 
under highly demanding conditions. Ground 
freezing has become more popular and is 
going to be used more frequently in the future. 
Its use, in particular, in tight, conjested urban 
environments is increasing. Essentially, ground 
freezing is a very safe method but it has to be 
designed by engineers who are experienced 
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with ground freezing and who use sound 
principles. In addition, it is important that the 
ground freezing operation must be monitored 
throughout the construction process to assure 
safety. 

NOTE - This article is based in part on a presen
tation given in March 2000 to the BSCES Geotech
nical Group. 

HELMUT HASS is a senior geotechni
cal engineer and Vice President 
COM Consult GmbH in Germany. 
He leads the geotechnical/structural 
division and has more than nineteen 

years of professional experience in geotechnical and 
structural engineering, including large-scale con
struction projects, deep shafts and excavations, 
shallow and deep foundation systems, and tunnels 
and groundfreezing. He has extensive expertise in 
the areas of groundfreezing and tunneling, and has 
worked on a number projects in these areas 
throughout the world. His experience includes fea
sibility studies, witness expertise, engineering 
design and construction management. 
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Essay 

Moss on the Median 

When looking at designing or 
updating major thoroughfares 
it might be good to look at 
more issues than just traffic 
flow and safety. 

BRIAN BRENNER 

B efore Route 3 was widened north of 
Boston, it offered motorists the illusion 
of driving through the wilderness. The 

two northbound and southbound expressway 
lanes were separated and insulated from their 
surroundings by wide swaths of woods, both 
in the median and along the rights-of-way. For 
most of the ten or so miles from the Route 128 
junction north to Interstate 495, the road 
seemed to be isolated in its forest and not a 
ride through suburbia. Come weekends in 
early October, the old highway was in its glory 
as the trees started to turn color. One could 
drive at a pleasant clip for miles under a dark 
blue autumn sky, with orange light sparkling 
off the shimmering maple trees. There was the 
promise of pumpkins and crisp Macintosh 
apples at the country farms along its exits. 

This illusion of a drive through the woods 
was created, in part, by the highway's original 
method of design and construction. Instead of 
plowing over the full right-of-way and plant
ing grass, the road was placed and built with 
comparatively little disruption to the sur-

rounding terrain. This approach was particu
larly true for the median strip, which 
remained densely wooded. 

Unfortunately, soon enough commuter 
traffic on Route 3 moved at more of a slow 
crawl through the woods than a pleasant 
drive. Traffic studies determined that it was 
time to widen the four-lane highway to six 
lanes and improve the substandard inter
change layout. Once construction began on 
the widening project, one of the first things to 
go were the trees in the median. This space 
was deforested. Areas of deep gullies were 
filled in and paved over. The widened, recon
structed highway now looks much different. 
It is a well designed, vastly improved high
way in terms of traffic flow. However, what 
used to be a drive through the woods has 
been replaced by a somewhat dreary, charac
terless slog - it has been turned into 
Everyexpressway. The forested median is now 
an open, grassy space. Whereas the old high
way used to fit - in its way - into the land
scape, the new version is a wide, open gash 
that seems to make as big an impact (and 
scar) on the terrain as possible. 

Parkway vs. Expressway 
Limited access highways are a relatively new 
type of infrastructure, dating back to the 
1910s. Some of the earliest highways were 
"parkways" that were constructed in New 
York. These highways had architecturally 
sculpted viaducts (what we think of as "con
text-sensitive design" today), and they were 
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designed more for leisure travel than com
muting. As car culture took hold and traffic 
volume increased, parkways gave way to 
"expressways." Expressways were the fore
runners of the current Interstate highway pro
gram, which has standardized and institution
alized the form. Unlike the pastoral parkways, 
expressways were no-nonsense highways, 
intended to be fast, efficient, and built in part 
to provide transportation facilities for military 
use during wartime. It is only more recently 
that aesthetics and context-sensitive design 
(where the facilities are understood and even 
designed to be part of their surroundings) are 
considered. As part of these recent improve
ments, expressway bridges now have road 
and place name markers attached in an effort 
to help drivers feel more connected to the 
landscape through which they are driving. 

Parkways became more widespread thanks 
to Robert Moses, the late commissioner of the 
New York Tri-Borough Bridge and Tunnel 
Authority. Under his leadership, parkways 
and many aspects of the suburban form were 
developed around New York City, particular
ly on Long Island.1 Parkways were designed 
to be not just limited access highways, but an 
aesthetic experience. Therefore, rights-of-way 
featured trees and fields, and overpasses were 
adorned with stone veneer and architectural 
details. Parkways were not originally con
ceived as massive people movers, but were 
thought of as roads for pleasure drivers. Caro 
documents some other unsavory aspects of 
the original designs, such as the deliberately 
low overpasses intended to keep busses and 
mass-transit riding city dwellers away from 
using the parkways and, thus, invading sub
urbia.1 

Modifying Parkways 
Today, on Long Island, you can drive on two 
types of freeways: the typical, brutal, no-non
sense expressway like the Long Island 
Expressway, or one of many parkways such 
as the Northern Parkway. The parkways' 
original Sunday drive function has long been 
superseded by the hordes of commuters that 
motor back and forth each day. The Long 
Island parkways still have wooded rights-of
way, and the viaducts are still sheathed in 
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attractive stone. But these freeways have 
been rebuilt over the years for the purpose of 
moving traffic, with the addition of lanes and 
more modern geometries at their inter
changes. 

Traveling north from New York City, driv
ers have an interesting choice in Connecticut 
between the Merritt Parkway and Interstate 95 
(originally the Connecticut Turnpike). The 
Merritt Parkway is an historic highway with 
neo-classical and modernistic style bridges 
festooned with all sort of ornamentation. 
Except for the crushing traffic, a jaunt on 
Merritt Parkway is pleasant and invigorating, 
with long stretches of woods and a canopy of 
trees to drive through. Interstate 95, on the 
other hand, is a particularly ugly, placeless 
highway that takes no prisoners as it makes its 
Sherman's march across the landscape to New 
Haven. 

With time, Interstate 95 has softened, and 
the Merritt Parkway has hardened. Interstate 
95 has undergone reconstruction and land
scaping improvements so that it is not as 
much of a scar as it used to be. Much of the 
reconstruction has been nicely done, with aes
thetically shaped, attractive viaducts. On the 
other hand, the Merritt Parkway has been sub
ject over the years to many ill-advised recon
struction projects to improve traffic flow while 
ignoring the historic design of the bridges and 
woodsy layout of the terrain. Several miles of 
highway are protected by aluminum crash 
barriers that have not weathered well, and do 
not fit in with the parkway theme. 

Recently, some groups have organized 
against the rebuilding. In June 2005, the 
Merritt Parkway Conservancy and the 
National Trust for Historic Preservation, 
together with the Norwalk Land Trust, the 
Norwalk Preservation Trust and the Norwalk 
River Watershed Association, filed a lawsuit 
against the Federal Highway Administration 
(FHWA), seeking to downsize the massive 
new interchange project on the historic Merritt 
Parkway at Route 7 and Main Avenue in 
Norwalk, Connecticut. The project was origi
nally designed under the assumption that 
Route 7 would become a full capacity north
south expressway. But Route 7, the express
way version, was never completely built, so 



the plaintiffs argued that the project no longer 
makes sense. 

Future Development 
Driving down Interstate 495 in Norton and 
Mansfield, Massachusetts, you encounter a 20-
mile-long straight stretch of six-lane highway 
with a very wide grassy median. One can only 
imagine what the same space would look like 
with woods preserved in the median. An 
argument against a forested median is that it 
would be undesirable and unsafe to have deer 
and other large animals nesting in that space 
and darting into traffic. But animals have 
found a way of adapting to suburbia regard
less, and one counter-argument maintains that 
a boring, featureless road can result in more 
accidents. In terms of land usage, the 
Interstate 495 right-of-way features a lot of 
wasted, useless space. If the wide median can
not be filled with trees, a better approach 
would be a layout similar to the Mass Pike or 
the first nine miles of Interstate 95 in Rhode 
Island, east of the Connecticut border, where 
there is no wide median, and, for safety, the 
lanes of traffic in each direction are separated 
by a tall, concrete Jersey barrier. 

At some point in the future, all of what is 
currently unused land will be used. Some esti
mates say that eastern Massachusetts will be 
built out by 2050.2 Wooded highway median 
strips may start to fulfill a role never intended 
by designers: that of miniature habitat pre-

serves in areas where the natural habitat has 
largely been plowed over. Some wooded 
medians are particularly wide, such as Route 
128 in Dedham, and Interstate 95 in 
Connecticut just west of the Rhode Island bor
der (although, in the case of Route 128, a use 
was found for part of the land by siting a new 
prison in the median). These unused tracts 
feature acres of preserved woods that will 
likely never be developed. The woodlands are 
peculiarly sited for preservation, being 
enveloped by streams of vehicles on all sides. 
At some future date, when our cities and sub
urbs are fully built out, we will drive on some 
stretches of freeways that still appear to be 
carved out of the forest and the roads will 
remind us of a time when the land was in a 
wilder state. 

BRIAN BRENNER is a professor at Tufts University. 
He served as Chair of the editorial board for Civil 
Engineering Practice for seven years. 
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• Conveys professionalism 

• Saves you money with member discounts on meetings and seminars 

• Represents our profession on local legislative and regulatory issues 

• Is an advocate for improving the public image of civil engineers 

• Maintains local awareness of current events with monthly newsletter 

• Keeps members current in their technical field 

• Seminars and technical meetings 

• Complimentary subscription to BSCES Journal: Civil Engineering Practice 

For more information on BSCES, contact: 
Boston Society of Civil Engineers Section/ASCE, The Engineering Center, One Walnut Street, 
Boston, MA02108; (617)227-5551, Fax(617)227-6738 
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CIVIL ENGINEERING PRACTICE 

Journal of the Boston Society of 
Civil Engineering Section/ ASCE 

Call for Papers 

Civil Engineering Practice seeks to capture the spirit and substance of contempo
rary civil engineering practice in a careful selection of articles that are compre
hensive in scope while remaining readily understandable to the non-specialist. 
Typically using a case-study approach, Civil Engineering Practice places key 
emphasis on the presentation of techniques being applied successfully in the 
analysis, justification, design, construction, operation and maintenance of civil 
engineering works. 

Civil Engineering Practice welcomes practice-oriented papers on topics in all civil 
engineering fields. For general, non-specific topics there is a revolving deadline. 
All papers are subject to peer review and are scheduled for publication in the next 
available issue (the typical period from acceptance to publication is six months to 
one year). 

For more information, author guidelines, or to submit papers, visit 
http://www.cepractice.org/cepauth.html on the Web, or contact: 

Yanni Tsipis 
Chair, Journal Editorial Subcommittee 

Meredith & Grew Inc. 
160 Federal Street 

Boston, MA 02110-1701 
(617) 330-8151 
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Professional Services 

no problDm ODDS unsol\lDd. 
1="111 BLACK & VEATCH 
~. building a world of difference™ 

230 Congress Street, Suite 802, Boston, Massachusetts 02110 
617-451-6900 • www.bv.com 

listen. think. deliver:'" 

CDM 
World Headquarters 

One Cambridge Place, 50 Hampshire Street 
Cambridge, Massachusetts 02139 

tel:617 452-6000 fax:617 452-8000 
www.cdm.com 

consulting • engineering • construction • operations 

Geotechnical, Environmental, and 
Water Resources Engineers 

1021 Main Street 
Winchester, MA 01890 
781 721-4000, 781 721-4073 fax 
www.gelconsultants.com -GEi,, .. ,, ..... 

Place your business card ad here. 
For more information, go to 

www.cepractice.org 
and click on" Advertise." 

HARDESTY & HANOVER, LLP 

Engineering Fixed & Movable Bridges, 
Railways, Highways and Special 
Structures for over a Century 

150 I Broadway, New York, NY I 0036 
T. 212. 944.1150 F. 212.391.0297 www.hardesty-hanover.com 

Offices also ln, CT FL MD MA Ml NJ NY WA Beijing 

- Appledore Marine 
.. Engineering Inc. 
Pease International Tradeport 
15 Rye Street, Suite 305 
Portsrnoulh, NH 03801 

T 603.433.8818 
F 603.433.8988 

Specializing in 
Marine Engineering Services 

Underwater Inspections Feasibility Studies 
Design and Analysis Offshore Structures 
Facility Evaluations Permitting 

amel@appledoremarine.com Construction Admln. Mooring Analysis 
www.appledorernarine.com 

E:IBSCGROUP 
Land Development, 
Transportation and 
Coastal Consultants 15 Elkins Street 

Boston, MA 02127 

nJ 

tel: 617-896-4300 
800-288-8123 

fax, 617-896-430! 
web: www.bscgroup.com 

CHILDS ENGINEERING 
CDRPDRATICN 

\VA I I llrRON r I NG[NI r l([NG 

BOX 333 MEDFIELD, MASSACHUSETTS 02052 
TELEPHONE (SOB) 359•8945 FAX (508) 359-2751 

P. GIOIOSO & SONS, Inc. 
~~Smu/962 

50 Sprague Street 
Hyde Park, Massachusetts 02136 

(617) 364-5800 Fax (617) 364-9462 

Equal Employirent Opportl.mi.ty / Affinnative Action 

Gunther Engineering, Inc. 
Consulting Civil Engineers & Land Surveyors 

New England Survey Service (1932) 
Survey Engineers of Boston (1983) 

William S. Crocker Co.(1912) 
J.F. Hennessy Co./Brookline (1922) 

Aspinwall & Lincoln (1877) 

'e:g 
803 Summer Street, Boston, MA 02127 

Phone: (617) ,t6,t.SJOO • Far: (617) 4/U-1-142 

Visit us on the Webl 
www.hshassoc.com 

0!,0,!lv~ SOll.!1aUl$ 
HfECTIVE PARTNEmNG 

Howard/Stein-Hudson 
Associates, Inc. 
A TRANSPORT,\TION CONSULTING FIRM 

■ Traffic Engineering 

■ Roadway Design and Civil Engineering 

■ Land Development and fflstilufional Pfenning 

■ Municipal and Regional Planning 

-■ Transportation Planning 

• Public Involvement 
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MARINE CIVIL ENGINEERING 

PORT & HARBOR• COASTAL & OCEAN • STRUCTURAL 

JOHN GAYTHWAITE, P.E. 
CONSULTING ENGINEER 

MARITIME ENGINEERING CONSULTANTS, INC. 
155 PINE STREET 

MANCHESTER, MA 01944 
978-526-4071 

I OCEAN AND COASTAL I 

OflC 
I CONSULTANTS I 
COASTAL•STRUCTURAL 
DREDGING/CIVIL• REGULATORY SERVICES 
UNDERWATER INVESTIGATION 
CONSTRUCTION ADMINISTRATION 
IT/WATERFRONT MANAGEMENT 

Professional Stone Deposit Evaluations 

Plymouth, MA 
(508) 830-1110 

Gibbsboro, NJ 
(856) 248-1200 

San Nicolas, Aruba 
(011) 297-584-5441 

Cost-Effective Subsurface Investigation 
Geotechnical Troubleshooting 

Concise Concrete Petrography 

Steven J. Stokowski Reg. Prof. Geologist 
10 Clark St. Ashland, Mass. 01721 (508) 881-6364 

253 Low Street 

Suite 232 

Newhurypt,rl 

Massachusetts 01950 

(978)--465-142,Y 
FAX (978)-465-2640 

vbtem;soclates,uet 

LEE MARC G. WOLMAN 

CIVIL ENGINEER 

172 CLAFLIN STREET 

BELMONT, MASSACHUSETTS 02178 

16171 484·3461 

Professional Services 

V ,11RING 
/? 

INC. 
186 Lincoln Street 
Suite 200 
Boston, MA02111-2403 
T: 617-338-0063 
F: 617-338-6472 
www.jnel.com 

s EA Consultants Inc. 
www.seacon.com 

• Municipal 
• Energy 
• Transportation 
• Higher Education 
• Federal & State Buildings 

• Civil/Site • Facilities 
• Air, Water, • Public 

Hnvironment Outreach 
Transportation • Commerce & 

• Railffransit Industry 

,~ivw.w:~corp.com NEW ENGLAND OFFICES: 

Rocky Hill, CT t Boston, MA t Salem, NH t Portland, ME t Hallowell, ME 
~c_l: 860:529-:8,~82_ __ __ 1'.cl_:61_7.542'.~2~4 _ _ __ 'f.c_l:6,03:8?3.0?16 Tel:20_7.879. 7686 Tcl:207.623.9188 

~e,~q~!!f!P,~O~ 
Call: 978-532-1900 

Your Natural Resource for Innovative Solutions since 1899 

Weston & Sampson Engineers, Inc. 
Five Centennial Drive, Peabody, MA 01960 

www.westonandsampson.com 
Fax: (978) 977-0100 

l~ZALLEN 
ENGINEERING 

1101 Worcester Road 
Framingham, MA 01701 

Tel. 508 I 875-1360 
www.zallenengineering.com 

Investigation of 
Structural Failures 

Investigation of 
Problem Structures 

Consulting in 
Structural Engineering 
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