
Design Considerations 

The Challenges of 
Underpinning the 
Central Artery 

Through careful planning and 
modeling, actual structural 
behavior can be accurately 
predicted for a project that has 
to maintain an existing 
structure during construction. 

PAUL F. HARRINGTON 

The proposed alignment of the D017 A 
Section of the Central Artery /Tunnel 
(CA/T) Project (Interstate 93) runs be

low the corridor of the existing Central Artery 
viaduct in downtown Boston between Congress 
and North streets (see Figure 1). The construc
tion of the proposed eight- to ten-lane, cut-and
cover tunnel requires the removal of the existing 
Central Artery foundations, thus necessitating 
the underpinning of the existing elevated struc
ture. The primary objective of the underpinning 
system was to maintain the structural integrity 
of the existing structure, while clearing the corri
dor for the construction of the new tunnel be
low. In order to properly assess the condition of 
the underpinned structure, the analysis em
ployed the following design philosophies: 

• Computer models to integrate the exist
ing structure with the proposed under
pinning system; 

• Step-wise incremental analysis to model 
the jacking forces induced into the under
pinning frame; and, 

• Analysis to account for the sequence by 
which the underpinning is installed and 
the loads are transferred. 

A critical component of Massachusetts 
Highway Department's (MHD) Central Ar
tery /Tunnel Project is the continued service of 
the existing elevated artery while the proposed 
tunnel is being constructed below. The pro
posed cut-and-cover tunnel will feature soldier 
pile tremie concrete (SPTC) slurry walls to act 
as both the excavation support walls and the 
permanent tunnel walls. A 14- to 18-foot thick 
cast-in-place concrete base slab will house the 
fresh air ducts and resist buoyancy forces. The 
tunnel roof will be comprised of composite 
steel plate girders framing to the flanges of the 
W36 steel soldier piles spaced approximately 6 
feet on center (see Figure 2) along the SPTC 
slurry wall. Typically, the soil profile through
out the alignment consists of fill, clay and gla
cial till overburden with the top of bedrock lo
cated between 75 and 100 feet below the 
existing grade. 
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FIGURE 1. An aerial view of Boston's existing Central Artery and the ongoing Central Ar
tery/Tunnel construction adjacent to Quincy Market. 

Directly above the tunnel construction, the 
existing Central Artery viaduct will continue to 
service an average of 190,000 vehicles per day, 
placing it among the busiest roadways in the na
tion. The viaduct was constructed in the early 
1950s when it was considered to be a state-of
the-art project that was designed to accommo
date an average of 90,000 vehicles per day. The 
existing structure was designed for HS-20 vehi
cle loading in accordance with the 1949 Ameri
can Association of State Highway Transporta
tion Officials (AASHTO) specifications. 

The superstructure of the existing Central 
Artery consists of a concrete deck slab sup
ported by steel stringers, floor beams and lon
gitudinal girders framed to transverse bent 
girders. The transverse girders are rigidly con
nected to the three steel support columns to 
create the bents' moment frame (see Figure 3). 
The columns are either individual steel WF 
shapes or composite steel members consisting 
of three WF sections riveted together. Most of 
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the existing columns are silicon steel, which 
has a yield strength of 45 kips per square inch. 

In plan, a framing unit of the existing via
duct structure consists of a two-span continu
ous superstructure supported by three trans
verse bents spaced approximately 75 feet on 
center. The two end bents are detailed to ac
commodate longitudinal expansion. Expan
sion bents consist of a pair of identical bents 
from adjacent framing units that share com
mon foundations. The interior, or "anchor," 
bents were designed to resist all longitudinal 

· forces within the three-bent unit. 
The existing viaduct columns rest on 6-foot 

thick concrete pile caps. The piles consist of ei
ther Raymond step-taper cast-in-place concrete 
piles or steel H-piles. Selected columns that are 
located in the old Fort Hill area (where the gla
cial till deposits are close to the surface) are 
founded .on concrete spread footings. Figure 4 
shows a typical cross section of the proposed 
tunnel superimposed onto the existing artery. 



FIGURE 2. A view of the tunnel roof and the SPTC slurry wall showing their relationship with 
an existing Central Artery column and foundation. 
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FIGURE 3. Typical Central Artery transverse bent framing. 
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FIGURE 4. The relationship between the existing viaduct and the proposed tunnel. 

Underpinning Scheme 
During preliminary design performed by 
MHD's management consultant, various con
ceptual underpinning arrangements were stud
ied. Numerous physical and operational con
straints were considered and contributed to the 
selection of the chosen underpinning scheme. 

Construction mitigation and traffic mainte
nance requirements, which are vital to the con
struction in this sensitive urban area, were in
strumental in choosing the underpinning 
scheme. In addition to safely supporting the ex
isting elevated artery, the surface streets be
neath the viaduct need to remain operational 
during tunnel construction. Consequently, the 
underpinning scheme requires that the main 
transverse support beams (herein referred to as 
grade beams) be located below the temporary 
roadway decking to provide the traffic engi
neers maximum flexibility in the management 
of the surface artery traffic and construction ac
cess. 

The steel grade beams will be isolated from 
the surface artery's temporary precast concrete 
deck. The benefits of isolating these two fram
ing systems is two-fold: 

• The stress redistribution within the exist
ing structure is minimized; and, 
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• Live load deflections attributable to sur
face artery traffic will not be imposed on 
the Central Artery viaduct. 

The tunnels' SPTC slurry walls (which are 
founded in competent bedrock or glacial till to 
satisfy the settlement-controlled bearing crite
ria) are the foundation for the steel underpin
ning frame. The underpinning frame sits on 
cap beams situated between the soldier piles so 
that the underpinning can co-exist with the fi
nal tunnel girders. This coordination mini
mizes the amount of closure construction that 
will be required after the old Central Artery is 
removed. Load bearing elements (LBEs) are 
also being utilized for vertical support when
ever the tunnels' cast-in-place concrete walls 
coincide with underpinning support needs. 

The typical underpinning frame is shown in 
Figure 5 and consists of twin pairs of steel 
grade beams. These grade beams (between 4 
and 6 feet deep) are built-up plate girders 
spaced 21 feet on center and span up to 100 feet 
between slurry walls. Above the grade beam, 
the existing structure is underpinned by either 
a "low pick-up" needle beam assembly or a 
"high pick-up frame" needle beam assembly. 
Low pick-up needle beams (see Figure 6) are 
positioned to straddle the existing columns, 
and bear directly on the grade beams to sup-
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FIGURE 5. The proposed underpinning system for the Central Artery. 

port the existing artery columns via built-up 
steel channels attached to the existing columns 
with Type 2, slip-critical, A325 bolts. High pick-up 
frames (see Figure 7) consist of a frame or tower 
that places the needle beam in direct contact with 
the bottom flange of the existing bent girder. The 
existing bent girder is stiffened to accommodate 
the bearing requirements that enable the girders 
to receive the direct bearing needle beams. 

Generally, low pick-up connections were 
utilized. High pick-up frames were required at 
locations where the existing column and pile 
caps interfered with a section of the slurry wall 
located between the underpinning grade 
beams. These infill panels, referred to as post 
underpinning panels, are installed after the via
duct is underpinned. The high pick-up frames 
were specified to accommodate the construe-

FIGURE 6. Low pick-up underpinning con
nection to an existing column (connection 
channels and needle beam). 
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FIGURE 7. A high pick-up underpinning con
nection to an existing bent girder (35-C). 

tion of these slurry wall panels. In addition, if 
analysis indicated that the underpinned column 
stress levels would be unacceptable with a low 
pick-up connection, high pick-up frames were 
specified as a means to bypass the entire column. 

The schematic diagram in Figure 8 illus
trates a suggested jacking and load transfer 
procedure and highlights the installation se
quence of the underpinning: 

1. Install steel grade beams and needle 
beams. 

2. Attach connection channels to the exist
ing viaduct columns. 

3. Install jacking frame. 
4. Incrementally jack the column load into 

the needle beams. 
5. Shim between the connection channels 

and needle beams and complete the channel 
to needle beam connection. 

6. Incrementally cut the existing column 
by symmetrically removing ~mall coupons. 
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FIGURE 8. A schematic diagram of the load 
transfer procedures. 

Underpinning Analysis 

The principal challenge of the underpinning 
analysis is to properly account for the jacking 
and load transfer procedures, in order to limit 
underpinning related stress redistribution 
within the existing structure. The proposed un
derpinning system essentially replaces the ex
isting "rigid" pile foundations with "flexible" 
grade beams. Any effects of this replacement 
are compounded by the fact that the relative 
underpinning II stiffness" at each column varies 
based on its position along the grade beam 
span. 

The following key technical issues were fac
tors in choosing the analytical procedure: 

• The existing Central Artery's dead load, 
which represents approximately two
thirds of the total vertical design load, will 
be jacked into the underpinning frame 
prior to load transfer. 



• The jacking operation is de
signed to transfer the vertical 
load only. At low pick-up 
connections, the majority of 
the internal dead load 
stresses in the columns con
sist of axial stresses. How
ever, due to frame action, 
there are internal shear and 
moment stress components 
that will be present at the 
column pick-up points. It is 
not practical to jack these 
internal shear and moment 
stresses into the underpin
ning frame via a conven
tional jacking operation. 
Consequently, these resid-
ual stresses must be redis-
tributed during the gradual 
load transfer (i.e., column 
cutting) operation. 
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• The live load will not be jacked 
into the underpinning frame. 
Live loads that are acting on 
the viaduct after the under
pinning is active will be dis
tributed, based on the stiff
ness matrix of the 
underpinned structure. This 
load distribution will differ FIGURE 9. Schematics of the space frame computer models. 

from the distribution of the 
dead load that is jacked into the underpin
ning frame. Complete AASHTO group 
loadings must be applied to the under
pinned structure. 

The inherent non-linear behavior associated 
with changing an active structures' boundary 
condition created the need for a sequential 
analysis. A structural analysis and design pro
gram was used to perform a linear displacement 
analysis of the proposed underpinning. The 
computer model was developed to account for 
the jacking and load transfer procedures, while 
simultaneously providing an accurate assess
ment of the impacts to the existing bent frames. 

Generating accurate structural analysis 
models requires careful use of modeling tech
niques and program commands. The struc
tures' stiffness matrix is defined by structure 

geometry, member properties and the connec
tivity of the structure. These parameters, along 
with the commands to account for the jacking 
operation, were utilized to provide an accurate 
representation of the underpinning system. 

Combining results of the first two space 
frame models described below ( and in Figure 
9) led to the creation of a single comprehensive 
model (Model 3), enabling the existing struc
ture to be analyzed simultaneously with the 
underpinning frame: 

• Model 1. The existing artery bent on rigid 
foundations is analyzed to calculate the 
dead load reactions (jacking forces) at the 
underpinning pick-up locations. 

• Model 2. The proposed underpinning 
frame is pre-loaded with the jacking 
forces generated in Model 1 to determine 

CIVIL ENGINEERING PRACTICE FALL/WINTER 1998 71 



Typical Distortions: Axial Distortions (X) 
Shear Distortion (Y) 

Rotational Distortion (Z) 
Centerline • 

Column\ 

Column Connection 
Node Jacking Load 

X 

(local axis) 

Columnl 

Member rn,mmft-
crade Beam 

Underpinning Frame Combined Model 

Models 1 and 2 provide the jacking 
loads and estimated deflections re
quired for the jacking operation. 
Model 3 provides results to design 
the underpinning elements and to 
check the existing members against 
allowable stress limits. 

A critical component of the analy
sis was the ability to model the jack
ing operation, which was achieved by 
coupling the existing structures' dead 
load with the structural analysis 
program's loading function entitled 
"member distortion// (see Figure 10). 

FIG URE 10. Schematic of the member distortion function. The member distortion function is a 

the jacking induced deflections at the col
umn/ underpinning connection nodes 
prior to load transfer. 

• Model 3. The underpinned structure is 
analyzed for all load combinations in ac
cordance with applicable CA/T Project 
and AASHTO loading requirements. 
Jacking-induced deflection and load 
transfer operations are accounted for w;ith 
the use of the structural analysis 
program's "member distortion" function. 

zero stress initial strain loading con
dition developed for the analysis program to ac
count for the initial state conditions of members. 

Within Model 3, the member distortion load 
is coupled with the dead load forces. The results 
coincide with the jacking intent and its limita
tions of only jacking the axial component ( as de
scribed above). The vertical position of the exist
ing viaduct is essentially maintained after the 
dead load is transferred, while the shear and 
moment stresses at column cut locations get re
distributed within the underpinning frame. 

FIGURE 11. Example of an external jacking frame assembly. 

72 CIVIL ENGINEERING PRACTICE FALL/WINTER 1998 



FIGURE 12. An integral jacking assembly that utilizes flat jacks. 

At this point, all applicable live loads can be 
applied and combined with the dead load 
within the same model. This feature becomes 
extremely valuable, considering the number of 
.group loadings that must be considered in the 
design of the underpinning and in the assess
ment of the existing Central Artery members. 

J a eking & Load Transfer 
The jacking operation enables the transfer of 
support to occur without adversely impacting 
the existing structure. It is common practice to 
use the existing foundation or superstructure as 
a reaction block for the jacking. Jacking assem
blies can be designed as external, removable 
frames or they can be designed as an integral 
component of the permanent underpinning sys
tem. Figures 11 and 12 show two examples of 
jacking assemblies that were successfully util
ized on the Central Artery underpinning. 

The external jacking frame shown in Figure 
11 utilizes temporary channels bolted to the 
high pick-up columns. Hydraulic jacks are po
sitioned between. the channels and the grade 
beams. As the jacks are pressurized, separation 
occurs between the high pick-up column base 

plates and the top flange of the grade beams. 
Once the desired jacking load is obtained, the 
gap is shimmed and the final connection is 
made. Whenever feasible, the use of tapered 
shims is preferred, since they can be driven into 
position so that there is a noticeable reduction 
in the jack pressure. This type of shim will en
sure that the load is transferred from the jacks 
to the shims without a significant loss of pre
load resulting from a loose shim pack. 

The flat jack assembly shown in Figure 12 is 
an example of an integral jacking assembly that 
has been incorporated into the final underpin
ning connection. This jacking assembly pro
vides a full and uniform bearing surface and 
eliminates the additional step of transferring 
the jacked load to a shim stack. The jacks, ini
tially inflated with a hydraulic fluid, get trans
fused under pressure with a high-strength ep
oxy to create the completed connection. 

All the jacking schemes implemented to 
date have proven to be successful. The jacking 
is typically carried out in four equal load incre
ments. At the end of each 25 percent load incre
ment, key reference points along the existing 
structure and the underpinning frame are sur-
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TABLE 1. 
Jacking Loads & Resultant Displacements for Column 35-C 

Jacking load Dial Gauge Predicted 
Bent Column Connection Type (kips) Reading (in.)* Displacement (in.)** 

34 A High .Pick-up 310 0.9750 0.94 
34 B Low Pick-up (East)*** 722 0.7970 0.78 
·34 B Low Pick-up (West) 722 0.9915 0.92 
34 C High Pick-up 251 0.3340 0.27 
35 A Low Pick-up (East) 265 0.5060 0.60 
35 A Low Pick-up (West) 265 0.4515 0.50 
35 B Low Pick-up (East) 616 0.6690 0.76 
35 B Low Pick-up (West) 616 0.7730 0.84 
35 C High Pick-up 330 0.4075§ 0.17 

Notes: 
'The· readings are based on dial gauges positioned to measure the throw (or stroke) of the flat jacks. Consequently, these measurements include upward 
movement of the reaction block (i.e., superstructure) as well as the downward movement of the underpinning frame. 
"The predicted displacements tabulated above coincide with the position of the jacks and dial gauges. The estimated displacements published in the 
contract documents are given for the connection node, where the underpinning connects to the existing structure. 
*"The EastJ\,Vest designations indicate the relative position of the two needle beams that straddle the existing column. The differences in displacement 
between the needle beams is a function of their respective position along the deflection curve Of the grade beam: 
§Due to surface artery traffic requirements, the high pick up frame at Column 35-C was positioned 8 feet west of the column it replaced. The effect of this 
offset skews the values presented above. See Table 2 for additional information. 

veyed. The survey is then reviewed against the 
predicted displacements by the engineer prior 
to proceeding with the next jacking increment. 

As previously described, the estimated dis
placements are generated from a computer 
model that utilizes the jacking load as an input 
parameter. This fact, coupled with the potential 
for seating losses at connections, dictates that 
the jacking load is recognized as the governing 
criterion for this underpinning operation. The 
estimated displacements are published and util
ized as a cross check to verify that the system is 
behaving as predicted. The initial results have 
been excellent and indicate that the models have 
accurately predicted the structures' behavior. 
Jacking results for two bents recently under
pinned with flat jacks are presented in Table 1. 

The example illustrated in Figure 13 and Ta
ble 2 highlights the need to understand and ac
count for the methods used to jack load into the 
system. Unlike the high pick-up frames, jacking 
at low pick-up connections has a negligible 
component of induced upward deflection of the 
existing structure, which can be attributed to the 
fact that, at low pick-up connections, the bent 
girders span is not changed and, secondly, the 
unloaded segment of the existing column is 
relatively short. 
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Column Cutting 
The objective of the column cutting operation is 
to provide a smooth transfer of the residual in
ternal column stresses. As discussed earlier, the 
existing column internal shear and moment 
stresses are not jacked into the underpinning 
frame. In addition, any live load stress (for ex
ample, traffic, temperature, wind, etc.) must 
also be transferred into the underpinning dur
ing the column cutting operation. The column 
cutting is scheduled to occur at night when low 
traffic volumes enable the traffic on the viaduct 
to be reduced to one lane in each direction. 

The column cutting (see Figure 14) is done in 
a symmetrical sequence, starting at the extreme 
edges of the column flange and is completed 
when the center coupon of the columns web is 
removed. This progressive removal of material 
allows the residual column stresses to get ab
sorbed into the new structure gradually. 

On the whole, survey results have indicated 
that the viaduct has maintained its vertical po
sition after the columns have been cut. Hori
zontal translation (both transverse and longi
tudinal) of the unloaded section of the existing 
columns has been detected, specifically at the 
high pick-up locations. The release of the inter-



FIGURE 13. A view of column 35-C being jacked. 

nal moment stress at the top of the column re
sults in a fixed-free column condition. Once the 
column is released from the rigid frame, it ro
tates to a tangent profile from the fixed base, re
sulting in horizontal translation in the trans
verse direction. Longitudinal translation, 
which is noticeable at the expansion bents, is a 
function of the temperature differential be
tween the original erection temperature and 
the temperature at time the column is cut. 

Conclusions 
In developing the analysis and design proce
dures for underpinning on the CA/T Project, it 
was considered essential that the existing artery 
be modeled integrally with the new underpin
ning frame. A complete, staged analysis model 
was required to accurately assess the redistrib
uted stresses within the existing structure. 

The following items summarize the process 
by which the analysis procedure was devel
oped: 

• Identified the underpinning system as a 
deflection controlled design. 

TABLE 2. 
Breakdown of Displacements 

at Column 35-C 

Dial Gauge Readil.'lg: 0.4075 inches 

Survey Results (converted to inches): 
a. Bent Girder (up): 0.18 inches 
b. Needle Beam (down): 0.24 inches 
c. Total Stroke at Jack: 0.42 inches 

Predicted/Calculated Movements: 
a. Bent Girder Deflection (up): 0.09 inches 

Unloading of Column (up):- 0.04 inches 
Compression of bearing pad: 0.04 inches 

b. Underpinning Frame Deflection 
from Model (down): 0.17 inches 

c. Summation of Estimated 
Movements at Jack: 

Delta: 
Dial Gauge Reading 

vs. Predicted: 

0.34 inches 

~1/16 inch 
(16%) 
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FIGURE 14. Cutting pattern for a column at a high pick-up location. 

• Developed the general underpinning 
scheme and installation sequence. 

• Performed comparative studies with vari
ous modeling assumptions to determine 
the sensitivity of the underpinning system. 

• Developed techniques to account for jacking 
the dead load into the underpinning frame. 

• Created a complete model to analyze the 
stress redistribution in the existing frame 
while providing design values for the new 
underpinning frame. 

Early results indicate that the analysis and 
modeling techniques described herein have 
successfully and accurately predicted structure 
behavior. 
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NOTES - Bechtel/Parsons Brinckerhoff is the 
management consultant for the project. The struc-
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tural analysis and design program GTSTRUDL 
( developed by Georgia Tech Research Corporation) 
was used to perform a linear displacement analysis 
of the proposed underpinning. Parties involved with 
external jacking frame (shown in Figure 11) were: 
Weidlinger Associates - underpinning designer; 
LeMessier Consultants - jacking frame designer; 
and Modern Continental/Obayashi Joint Venture 
- contractor. Parties involved in underpinning 
bent 34 and 35 (shown in Figure 12) were: 
FST/HNTB Joint Venture - underpinning de
signer; Weidlinger Associates - fiat jacking de
signer; and Modern Continental/Obayashi Joint 
Venture - contractor. 
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