
Appendix D – TUNNEL BORING MACHINES (TBM)  
 
D.1 Introduction 
 
A Tunnel Boring Machine (TBM) is a complex system with a main body and other supporting elements 
to be made up of mechanisms for cutting, shoving, steering, gripping, shielding, exploratory drilling, 
ground control and support, lining erection, spoil (muck) removal, ventilation and power supply.  Figure 
6-11 shows a general classification of various types of tunnel boring machines for hard rock and soft 
ground. 
 
 

 
 
Figure D-1 Classification of Tunnel Boring Machines (Figure 6-11) 

This Appendix is intended to demonstrate the components and excavation sequences of common types of 
tunnel boring machines (TBM) applicable for hard rock and soft ground conditions.  The Principal 
Investigators appreciate Karin Bäppler and Michael Haßler of Herrenknecht AG (Herrenknecht), and Lok 
Home of The Robbins Company (Robbins) for generously providing excellent illustrations, and 
photographs and information for large-diameter TBM applications.  
 
D.2 Hard Rock TBM 
 
As shown in Figure 6-11 above, tunnel boring machines (TBM) suitable for rock tunneling nowadays are 
full-face, rotational (types of cutter head) excavation machines and can be generally classified into two 
general categories: Gripper and Segment based on the machine reaction force.  Three common types of 
hard rock TBMs are described hereafter: 
 

 Open Gripper Main Beam TBM (Open Gripper Type) 
 Single Shield TBM (Closed Segment-Shield Type) 
 Double Shield TBM (Closed Gripper/Segment-Shield Type) 
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D.2.1 Open Gripper Main Beam TBM 
 
The open gripper-beam category of TBMs is suited for stable to friable rock with occasional fractured 
zones and controllable groundwater inflows.   Figure D-2 (Robbins) illustrates a typical diagram of a 
modern open gripper main beam TBM and highlights the major components including: 
 

• Cutterhead (with disc cutters) and Front Support 
• Main Beam 
• Thrust (propel) Cylinder  
• Gripper 
• Rear Support 
• Conveyor 
• Trailing backup system for muck and material transportation, ventilation, power supply, etc. 

 
(a) 

 

 
 
 

(b) 
 
Figure D-2 Typical Diagram for an Open Gripper Main Beam TBM (Robbins). 
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The front of the gripper TBM is a rotating cutterhead that matches the diameter of the tunnel (Figure D-
3). The cutterhead holds disc cutters. As the cutterhead turns, hydraulic propel cylinders push the cutters 
into the rock. The transfer of this high thrust through the rolling disc cutters creates fractures in the rock 
causing chips to break away from the tunnel face (Figure 6-9). A floating gripper system pushes on the 
sidewalls and is locked in place while the propel cylinders extend, allowing the main beam to advance the 
TBM. The machine can be continuously steered while gripper shoes push on the sidewalls to react the 
machine's forward thrust. Buckets in the rotating cutterhead scoop up and deposit the muck on to a belt 
conveyor inside the main beam. The muck is then transferred to the rear of the machine for removal from 
the tunnel. At the end of a stroke the rear legs of the machine are lowered, the grippers and propel 
cylinders are retracted. The retraction of the propel cylinders repositions the gripper assembly for the next 
boring cycle. The grippers are extended, the rear legs lifted, and boring begins again.  
 

 
 
Figure D-3 Herrenknecht S-210 Gripper TBM (Herrenknecht) 
 

Figure D-3 shows the front of the Herrenknecht S-210 Gripper TBM used in the construction for the 
Gotthard Base Tunnel, Switzerland.  See Table D-1 for more data about the machine (Herrenknecht).   
Although uncommon, hard rock gripper TBMs with a diameter over 46’ (145m) have been made, and this 
limit is constantly being challenged and extended for new mega projects. 
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D.2.2 Single Shield TBM 
 

 
 
 
Notes: 
(1) Shield; (2) thrust cylinders; (3) segmental lining; (4) cutterhead; (5) muck bucket; and (6) conveyers 
 
Figure D-4 Typical Diagram of Single Shield TBM (Herrenknecht)  

 

As shown in Figure D-4, the Single Shield TBMs are fitted with an open shield (unpressurized face) to 
cope with more brittle rock formations or soft rock.  The TBM is protected by the shield (1), and extended 
and driven forward by means of hydraulic thrust cylinders (2) on the last completed segment ring (3). The 
rotating cutterhead (4) is fitted with hard rock disk cutters, which roll across the tunnel face, cutting 
notches in it, and subsequently dislodging large chips of rock (Figuer 6-9). Muck bucket (5), which are 
positioned at some distance behind the disks, carry the dislodged rock pieces behind the cutterhead. The 
excavated material is brought to the surface by conveyers (6). 
 
Figure D-5 illustrates a simplified cross section of Single Shield TBM. 

 
 
Figure D-5 Typical Diagram for Single Shield TBM (Robbins) 
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Figure D-6 above shows the cutterhead of the Herrenknecht S-256 Single Shield TBM used in the 
construction of the Islisberg tunnel, Switzerland, which on completion will be the longest underground 
section of the western Zurich bypass, will be directing transit traffic to central Switzerland around the 
city.   The diameter of the cutterhead is about 38’ (11.8 m).  See Table D-1 for more data about the 
machine (Herrenknecht).    
 
D.2.3 Double Shield TBM 
 
A Double Shield TBM (Figure D-7) consists of a rotating cutterhead mounted to the cutterhead support, 
followed by three shields: a telescopic shield (a smaller diameter inner shield which slides within the 
larger outer shield), a gripper shield and a tail shield.  

 
 
Figure D-7 Overview of a Double Shield TBM (Herrenknecht) 
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Figure D-8 Typical Diagram of a Double Shield TBM (Robbins). 
 

In double shield mode, the gripper shoes are energized, pushing against the tunnel walls to react the 
boring forces just like the open gripper TBM. The main propel cylinders are then extended to push the 
cutterhead support and cutterhead forward. The rotating cutterhead cuts the rock. The telescopic shield 
extends as the machine advances keeping everything in the machine under cover and protected from the 
ground surrounding it.  
 
The gripper shield remains stationary during boring. A segment erector is fixed to the gripper shield 
allowing pre-cast concrete tunnel lining segments to be erected while the machine is boring. The 
segments are erected within the safety of the tail shield. It is the Double Shield's ability to erect the tunnel 
lining simultaneously with boring that allows it to achieve such high performance rates. The completely 
enclosed shielded design provides the safe working environment.  
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If the ground becomes too weak to support the gripper shoe pressure, the machine thrust must be reacted 
another way. In this situation, the machine can be operated in "single shield mode". Auxiliary thrust 
cylinders are located in the gripper shield. In single shield mode they transfer the thrust from the gripper 
shield to the tunnel lining. Since the thrust is transferred to the tunnel lining, it is not possible to erect the 
lining simultaneously with boring. In the single shield mode, tunnel boring and tunnel lining erection are 
sequential operations.  
 

 
 

Figure D-9 above shows the cutterhead (about 40’ diameter) of the Herrenknecht S-376 Double Shield 
TBM which is being used for the construction of Brisbane North-South Bypass Tunnel  See Table D-1 for 
more data about the machine (Herrenknecht).    
 
 
D.3 Pressurized Face Soft Ground TBM 
 
As shown in Figure 6-11 above, various types of tunnel boring machines (TBM) are suitable for soft 
ground tunneling in different conditions.   Chapter 7 presents briefly the history and development of 
shield tunneling machines. Table 7-4 (reproduced below) lists various types of shield tunneling methods 
in soft ground. 
 
Nowadays modern pressurized-face closed shield TBMs are predominantly utilized in large diameter soft 
ground tunneling.  Section 7.3 describes the principles of the two common types: earth pressure balance 
(EPB) machines and slurry face machines (SFM) , and offers guidelines for selecting between EPB and 
SFM.  This appendix presents the components of each type of TBM and describes the construction 
sequences. 
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Table 7-4   Shield Tunneling Methods in Soft Ground (Modified from Hitachi Zosen, 1984) 

Type Description Sketch 

Blind shield 

• A closed face (or blind) shield used in very soft clays and silts   
• Muck discharge controlled by adjusting the aperture opening 

and the advance rate 
• Used in harbor and rive crossings in very soft soils.  Often 

results in a wave or mound of soil over the machine 
 

Open face, 
hang-dug 
shield 

• Good for short, small tunnels in hard, non-collapsing soils 
• Usually equipped with face jacks to hold breasting at the face 
• If soil conditions require it, this machine may have movable 

hood and/or deck 
• A direct descendent of the Brunel shield  

Semi-
mechanized 

• The most common shield 
• Similar to open face, but with a back hoe or boom cutter 
• Often equipped with “pie plate” breasting and one or more 

tables 
• May have trouble in soft, loose, or running ground 
• Compressed air may be used for face stability in poor ground 

 

 

Mechanized 

• A fully mechanized machine 
• Excavates with a full face cutter wheel and pick or disc cutters 
• Manufactured with a wide variety of cutting tools 
• Face openings (doors, guillotine, and the like) can be adjusted 

to control the muck taken in versus the advance of the machine 
• Compressed air may be used for face stability in poor ground 

 

Slurry face 
Machine 

• Using pressurized slurry to balance the groundwater and soil 
pressure at the face 

• Has a bulkhead to maintain the slurry pressure on the face 
• Good for water bearing silts and sands with fine gravels.  
• Best for sandy soils; tends to gum up in clay soils; with coarse 

soils, face may collapse into the slurry 

Earth pressure 
balance (EPB) 
machine 

• A closed chamber (bulkhead) face used to balance the 
groundwater and/or collapsing soil pressure at the face 

• Uses a screw discharger with a cone valve or other means to 
form a sand plug to control muck removal from the face and 
thereby maintain face pressure to “balance” the earth pressure 

• Good for clay and clayey and silty sand soils, below the water 
table 

• Best for sandy soils, with acceptable conditions  
 

Earth pressure 
balance (EPB) 
high-density 
slurry machine 

• A hybrid machine that injects denser slurry (sometimes called 
slime) into the cutting chamber 

• Developed for use where soil is complex, lacks fines or water 
for an EPB machine, or is too coarse for a slurry machine 
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D.3.1 Earth Pressure Balance Machine 
 
As discussed in Section 7.3, earth pressure balance machines (EPB) (Figure D-10) are pressurized face 
shield machines specially designed for operation in soft ground especially where the ground is silty and 
has a high percentage of fines both of which will assist the formation of a plug in the screw conveyor and 
will control groundwater inflows. 

 
 

 
 
 
Notes: 
(1) Cutterhead; (2) excavation chamber; (3) bulkhead; (4) thrust cylinders; (5) screw conveyor; (6) 
segment erector; and (7) Segmental Lining 
 
Figure D-10 Overview of Earth Pressure Balance Machine (EPB) 
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The EPB machine continuously supports to the tunnel face by balancing the inside earth and water 
pressure against the thrust pressure of the machine. The working area inside the EPB machine is 
completely sealed against the fluid pressure of the ground outside the machine.  
 
As shown in Figure D-10, the soil is excavated (loosened) by the cutterhead (1) serves to support the 
tunnel face. The area of the shield in which the cutterhead rotates is known as an excavation chamber (2) 
and is separated from the section of the shield under atmospheric pressure by the pressure bulkhead (3).  
The excavated soil falls through the openings of the cutterhead into the excavation chamber and mixes 
with the plastic soil already there. Uncontrolled penetration of the soil from the tunnel face into the 
excavation chamber is prevented because the force of the thrust cylinders (4) is transmitted from the 
pressure bulkhead onto the soil. A state of equilibrium is reached when the soil in the excavation chamber 
cannot be compacted any further by the native earth and water pressure.  
 
The excavated material is removed from the excavation chamber by a screw conveyor (5). The amount of 
material removed is controlled by the speed of the screw and the cross-section of the opening of the upper 
screw conveyor driver. The pressure in the excavation chamber is controlled by balancing the rate of 
advance of the machine and the rate of extraction of the excavated material by the screw conveyor.  The 
screw conveyor conveys the excavated material to the first of a series of conveyor belts. The excavated 
material is conveyed on these belts to the so-called reversible conveyor from which the transportation 
gantries in the backup areas are loaded when the conveyor belt is put into reverse.  
  
The tunnels are normally lined with reinforced precast lining segments (7), which are positioned under 
atmospheric pressure conditions by means of erectors (6) in the area of the shield behind the pressure 
bulkhead and then temporarily bolted in place. Grout is continuously injected into the remaining gap 
between the segments' outer side and the surrounding medium injection openings in the tailskin or 
openings directly in the segments.  
 
Manual or automatic operation of the EPB system is possible through the integrated PLC and computer-
control systems.  
 
As discussed above, the EPB machines support the tunnel face with pressure from the excavated (and 
remolded) soil within the excavation chamber and crew conveyor.  Therefore, EPB machines perform 
more effectively when the soil immediately ahead of the cutterhead and in the excavation chamber forms 
a plastic plug, which prevents water inflow and ensures face support.  This is accomplished by 
conditioning the soils ahead of the cutterhead with foams and.or polymers.  O’Carroll 2005 lists the 
benefits of soil conditioning for the EPB machine operation including: 
 

 Improved ground control 
 Torque and power requirement reduction 
 Abrasion reduction 
 Adhesion (stickiness) reduction, and 
 Permeability reduction. 

 
Figure D-11 shows the front of the Herrenknecht S-300 EPB TBM used in the construction of the M30-
By-Pass Sur Tunel Norte project in Madrid, Spain.   The diameter of the cutterhead is almost 50’ (15.2 
m).  See Table D-1 for more data about the machine (Herrenknecht). 
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Figure D-11 The EPB Machine for the M30-By-Pass Sur Tunel Norte project in Madrid. 
 

D.3.2 Slurry Face Machine 
 
As discussed in Section 7.3, slurry face machine (SFM) are pressurized face shield machines specially 
designed for tunneling in soft ground especially where the ground is loose waterbearing granular soils that 
are easily separated from the slurry at the separation plant.  The SFM provides stability at the face 
hydraulically by bentonite slurry kept under pressure to counteract the native earth and groundwater 
pressure, and to prevent an uncontrolled penetration of soil or a loss of stability at the tunnel face.  
 
Figure D-12 shows typical diagrams of Herrenknecht’s mixshield machine which employs the slurry face 
support principle.  At the mixshield machine face the soil is loosened by the cutterhead (1) rotating in the 
bentonite suspension. The soil then mixes with the bentonite suspension.  The area of the shield in which 
the cutterhead rotates is known as the excavation chamber (2) and is separated by the pressure bulkhead 
(3) from the section of the shield under atmospheric pressure.  
 
The bentonite suspension supplied by the feed line (4) is applied in the excavation chamber via an air 
cushion (5) at a pressure equaling the native soil and water pressure, thus preventing an uncontrolled 
penetration of the soil or a loss of stability at the tunnel face.    For this reason the excavation chamber 
behind the cutting wheel is separated from the pressure bulkhead by a so-called submerged wall (6). The 
area of the submerged wall and pressure bulkhead is known as the pressure/working chamber. Note that 
unlike the typical slurry shield machines, in the mixshield machines. the support pressure in the 
excavation chamber is not directly controlled by suspension pressure but by a compressible air cushion 
between the pressure bulkhead and the submerged wall. 
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The loosened soil mixed with the suspension is pumped through the feeding circuit to the separation plant 
outside the tunnel. In order to prevent blockages to the feeding circuit and to ensure trouble-free operation 
of the discharge pumps, a sieve of largish stones and clumps of soil is placed in front of the suction pipe 
to block the access to the suction channel.  

 

 
 
Notes: 
(1) Cutterhead; (2) excavation chamber; (3) bulkhead; (4) slurry feed line; (5) air cushion; (6) wall; (7) 
Segmental Lining; and (8) segment erector 
 
Figure D-12 Overview of Slurry Face Machine (SFM) (Herrenknecht’s Mixshield Machines) 
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Figure D-13 shows the Herrenknecht S-317 Mixshield TBM used in the construction of the Shanghai 
Changjiang Under River Tunnel Project  in China.  The diameter of the cutterhead is over 50’ (15.4 m).  
See Table D-1 for more data about the machine (Herrenknecht). 

 
 
Figure D-13  Photograph of Herrenknecht S-317 Mixshield TBM 
 

 
FHWA-NHI-09-010  Appendix D – Tunnel Boring Machines 
Road Tunnel Manual D-13                                         March 2009 



R
oad Tunnel 

FH
W

A
-N

H
I-09-010  

M
anual

D
-  

 
14  

A
ppe       

ndi               
x D

 – Tu      
nnel    B   o   ri M

arc
ng M

h 2009 
achines 

   

 
 



R
oad Tunnel 

FH  
W

A
-N

H
I-M

anual
09-010  

D
-  

 
15  

A
ppe       

ndi               
x D

 – Tu      
nnel    B   o   ri M

arc
ng M

h 2009 
achines  



 
This page is intentionally left blank. 



Appendix G 
 

Precast Segmental 
Lining Example 

 



 
 
 
 

This page is intentionally left blank. 



APPENDIX G 
PRECAST SEGMENTAL LINING DESIGN EXAMPLE

INTRODUCTION

The following design example is intended to illustrate the application of the AASHTO LRFD Specifications to the
design of a precast segmental concrete tunnel lining. The design scenario involves a tunnel constructed insoft ground
using a tunnel boring machine. The roadway typical section approaching the tunnel is a 4-lane highway with full
shoulders a median. The four lanes will be accomodated in two openings, each carrying two lanes of traffic. The
tunnel section therefore will be sized to carry two 12'-0" traffic lanes with reduced shoulders on both sides. A 3'-3""
wide walkway for maintenance will be included in the typical section. Emergencyegress will be accomodated either at
the roadway level using the shoulders provided or through the adjacent bore. Access to the adjacent bore will be
gained through cross passages located every 500' along the tunnel alignment. The tunnel will utilize jet fans in a
longitudinal ventilation system.  The jet fans will be suspended from the tunnel liner.  

The analysis of the liner structure will be performed using the beam-spring model described in paragraph 10.??.??.

Figure 10E-1 provides the details of the typical section used in the example.

A typical dimension along the longitudinal axis of the tunnel for the segments is 5'-0". The structural analysis and
modeling shown in the following sections of this design example will be based on a five foot length of tunnel. As usch
applied loads and spring constants will be multiplied by 5 to account for the fact that the design section is five feet
long.
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APPENDIX G 
PRECAST SEGMENTAL LINING DESIGN EXAMPLE

DETERMINE NUMBER OF SEGMENTS

Each segment must be fabricated at a casting yard or precast plant. Once it is fabricated, it must be stripped from the
forms and moved to a curing area then to a storage yard. It must be transported form the storage yard to the tunnel site
where a stockpile of segments is usually kept. At the tunnel site, it is loaded onto a materials cart that will transport
the segment through the tunnel to the tunnel face where it will be erected to form part of ring. The segment must pass
through all of the trailing gear associated with a tunnel boring machine on its way to the face. Segments are typically
manufactured in advance of the mining operation so that there are suffecient segments on hand to allow the mining
operation to proceed without stopping. It is not usual for segments to be damaged during handling and installation, so
the number of segments produced is usually more than the total number of segments used in the tunnel. Therefore,
segments must be handled several times, stored in at least two seperate locations, transported between the two seperate
locations and transported through the tight space found inside a tunnel under construction.  

Understanding this process helps to understand how determining the number of segments is a judgmnet decision that
should balance minimizing the number of pieces in ring, keeping the length of each segment short enough that it can
be practically stored, shipped and handled and making the piece light enough to be handled by the type and size
machinery availble inside the tunnel to erect the segments.

Note that it is not unusual for a contractor to suggest a different arrangement of segments than that shown in the
contract documents. Most owners allow the contractor to submit changes that are more in line with the means and
methods used by a contractor.

For this example, the Inside Diameter = 35.00 ft Segment Length =  5 ft

Assume 8 Segments and a key segment. Key segment subtends: 22.50 degrees
Other segments subtend: 42.188 degrees

Length of non-key segment along inside face of tunnel = 12.885 ft This seems to be a reasonable length.

Number of joints = 9

This example problem will assume that the segments extend along 5 feet of the tunnel length.       If 16 in.
is assumed to be the thickness of the segments, then the weight of each segment is calculated as follows:

Length of segment along the centroid of the segment = 13.131 ft

Weight = 13.1309 x  5 x 150 = 9848.2 lbs = 4.92 tons

For a tunnel of this diameter, it should be practical to have equipment large enough to handle these segments at 
the face of the tunnel.

The example will follow through using 5 feet as the length of the lining along the length of the tunnel. As such input
paramters including section properties, spring constants and loads will be based on a 5 foot length of lining being
designed.
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APPENDIX G 
PRECAST SEGMENTAL LINING DESIGN EXAMPLE

DETERMINE MODEL INPUT DATA

This section illustrates the development of the data required by most general purpose structural analysis programs.
This type of program is required for the beam spring analysis used in this design example. Note that paragraph 4.4 of
the AASHTO LRFD specifications describes the acceptable methods of structural analysis. The computer model used
in this example for the analysis utilizes a matrix method of analysis which falls into the classical force and displacment
category listed in paragraph 4.4. Paragraph 4.5 of the AASHTO LRFD specification describes the mathematical
model requirements for analysis. This paragraph states that the model shall include loads, geometry and material
behavior of the structure. The input required for these lements will be described below and include the calculation of
loads, joint coordinates, the magnitude of the load at each joint, the modulus of elasticity of the concrete and the cross
sectional area and moment of inertia of the liner segments.   

Paragraph 4.5.1 of the AASHTO LRFD specifications also says that the model shall include the response
characteristics of the foundation where appropriate. Since the surrounding ground is an integral part of the structural
lining, the response characteristic of the ground is modeled by the springs installed in the model. 

CALCULATE JOINT COORDINATES:

Joint coordinates are calculated along the centroid of the lininig segments. In order to calculate the joint coordinates
for the initial analysis runs, a lining thickness must be assumed. If the lining thickness changes as a result of the
design process, the analysis should be re-run using the parameters associated with the revised lining thickness. This
process continues until the lining thickness will support the loads effects from the analysis.

Assume a lining thickness = 16 " Radius to centroid of the lining (ro) = 18.17 ft

Joint coordinates are claculated as:

Y coordinate = ro x sinα X coordinate = ro x cosα See Figure 2

In order to keep the model mathematically stable, use a chord length between joint coordinates approximately equal to
1.5 times the thickness of the liner.  See paragraph 10.? of the manual.

For a radius r  = 18.17 ft the angle subtended by chord length of c = 2sin-1
o (c/2ro)

For chord length = 2.00 ft subtended angle = 6.31 degrees

Number of joints = 360 / 6.31 =  57 say 72 joints at 5 degrees between joints.

72 joints was selected to provide analysis results at the invert, crown and springlines.

Tabulation of Joint Coordinates at the centroid of the lining:
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APPENDIX G 
PRECAST SEGMENTAL LINING DESIGN EXAMPLE

Joint α x y Joint α x y
(deg) (ft) (ft) (deg) (ft) (ft)

1 0 18.17 0.00 37 180 -18.17 0.00
2 5 18.10 1.58 38 185 -18.10 -1.58
3 10 17.89 3.15 39 190 -17.89 -3.15
4 15 17.55 4.70 40 195 -17.55 -4.70
5 20 17.07 6.21 41 200 -17.07 -6.21
6 25 16.46 7.68 42 205 -16.46 -7.68
7 30 15.73 9.08 43 210 -15.73 -9.08
8 35 14.88 10.42 44 215 -14.88 -10.42
9 40 13.92 11.68 45 220 -13.92 -11.68

10 45 12.85 12.85 46 225 -12.85 -12.85
11 50 11.68 13.92 47 230 -11.68 -13.92
12 55 10.42 14.88 48 235 -10.42 -14.88
13 60 9.08 15.73 49 240 -9.08 -15.73
14 65 7.68 16.46 50 245 -7.68 -16.46
15 70 6.21 17.07 51 250 -6.21 -17.07
16 75 4.70 17.55 52 255 -4.70 -17.55
17 80 3.15 17.89 53 260 -3.15 -17.89
18 85 1.58 18.10 54 265 -1.58 -18.10
19 90 0.00 18.17 55 270 0.00 -18.17
20 95 -1.58 18.10 56 275 1.58 -18.10
21 100 -3.15 17.89 57 280 3.15 -17.89
22 105 -4.70 17.55 58 285 4.70 -17.55
23 110 -6.21 17.07 59 290 6.21 -17.07
24 115 -7.68 16.46 60 295 7.68 -16.46
25 120 -9.08 15.73 61 300 9.08 -15.73
26 125 -10.42 14.88 62 305 10.42 -14.88
27 130 -11.68 13.92 63 310 11.68 -13.92
28 135 -12.85 12.85 64 315 12.85 -12.85
29 140 -13.92 11.68 65 320 13.92 -11.68
30 145 -14.88 10.42 66 325 14.88 -10.42
31 150 -15.73 9.08 67 330 15.73 -9.08
32 155 -16.46 7.68 68 335 16.46 -7.68
33 160 -17.07 6.21 69 340 17.07 -6.21
34 165 -17.55 4.70 70 345 17.55 -4.70
35 170 -17.89 3.15 71 350 17.89 -3.15
36 175 -18.10 1.58 72 355 18.10 -1.58
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Figure 10E-2 shows the arrangement of joints and members for the computer model.
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APPENDIX G 
PRECAST SEGMENTAL LINING DESIGN EXAMPLE

CALCULATE SPRING CONSTANTS

The subsurface investigation revealed that the tunnel alignment traverses a very stiff clay.

The modulus of subgrade reaction of the clay supplied by the subsurface investigation program is 22 kcf.

Spring constants can be determined based on tributory projections on the x and y axis of each joint or alternately, if the
analysis software being used supports the use of radial springs, then all spring constants will be the same. The
following formulas can be used to to determine spring constants.

For orthoganal springs:

Spring constant in the Y direction =  Ks(Xn + Xn+1)/2 Spring constant in the X direction =  Ks(Yn + Yn+1)/2

Where: Where:

Xn = |(xn - xn+1)| Yn = |(yn - yn+1)|

Xn+1 = |(xn+1 - xn+2)| Yn+1 = |(yn+1 - yn+2)|

In the above equations:

The coordinates for joint N = (xn, yn)

The coordinates for joint N+1 = (xn+1, yn+1)

The coordinates for joint N+2 = (xn+2, yn+2)
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APPENDIX G 
PRECAST SEGMENTAL LINING DESIGN EXAMPLE

Figure E10-3 is a graphic representation of the above calculations of orthogonal spring constants.

Figure E10-3
Spring Constant Computation

The above computation for orthogonal spring constants uses the coordinates of the joints calculated as input for the
model. Since these joints lie along the centroid of the lining and not the outside face where the contact with the
surrounding ground occurs, the spring constants calculated using this method should be modified to more closely
approximate the resistance provided by the surrounding ground. The modification factor would be the ratio of the
outside radius to the radius at the centroid.  For this example, the modification factor would be calculated as follows:

Radius at centroid = rc = 18.17 ft

Radius at outside face = ro = 18.83 ft

Modification factor = ro / rc = 18.83 / 18.17 = 1.04

For radial springs, since a one foot length of tunnel is being modeled, the computation of the tributary area for each
joint is the same and is the length of the arc between joints.

This tributary area can be calculated as πroα/180

Where:

ro = Radius to the outside face of the lining = 18.83 ft
α = Angle subtended between joints
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It is important to use the outside radius of the tunnel when calculating spring constants since this is the face that is in
contact with the surrounding ground.  

For this example, the tributary area = 3.14159 x 18.83 x 4 / 180 = 1.31481 ft2

Clay Es Radial Spring Constant
(kcf) (k/ft)

Gneiss 4000 5259.3 Run analysis using the values shown for
Marble 2500 3287 Gneiss and Marble to bracket the actual
Schist 750 986.11 ground conditions.

When running the computer model, only springs that are in compression are considered active. A spring is in
compression if the joint displacements at the location of that spring indocate movement away from the center of the
tunnel. Joint displacements toward the center of tunnel indicatemovementaway from the ground and the spring at that
location should not be active in the model. The analysis is performed with an initial assumption of active and non
active springs. The results of the analysis, specifically the joint displacements are examined to determine if the spring
assumptions correspond with the output values. If the correspondence does not match, then the asumptions for the
springs is adjusted and the analysis re-run. This procedures continues until a solution is obtained where the input
values for the springs matches the output values for the joint displacements.  

Many computer programs will perform this iterative process automatically. For programs that do not support an
automatic adjustment, it is useful to model the springs as orthoganl springs. Modeling the sprngs this way makes it
easier to determine if a joint is moving toward or away from the center of the tunnel since each component of the
meovement (x and y) can be examined seperately and the direction of the movement ascertained by inspection. When
using orthogonal springs, each spring component is adjusted separately.  
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CALCULATE LINER SECTION PROPERTIES

Segment Thickness = 16 in Segment Length =  5 ft = 60 in

As described in section 10.?? the joints in the liner segments will act to reduce the stiffness of the ring.

Formula  for reducing stiffness is as follows:   Ie = Ij + I*(4/n)^2 (Formula 10 - ??)

where Ie is modified I
n is number of joints (more than 4)
Ij is joint stiffness - conservatively taken as zero

Unmodified Moment of Inertia = 60 x 16 3  / 12 = 20480 in4

Number of Joints = 9

Reduced Moment of Inertia = 20480 x (  4 / 9 ) 2  = 4045.4 in4

Segment Area = (16.0 2/ 12 ) x  5 = 6.67 ft

Assume concrete strength = 5000 psi

AASHTO LRFD specification paragraph 5.4.2.4 provides the method for the calculation of the modulus of elasticity.

Ec = 33,000K1w
1.5

c √fc'

Where:

K1 = 1.0
wc = 145 pcf (AASHTO LRFD specification Table 3.5.1-1)
fc' = 5000 psi

Ec = 4074281 psi

Poisson's Ratio is given in AASHTO LRFD specification paragraph 5.4.2.5 as 0.2.
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CALCULATE LOADS:

The soil load and the hydrostatic pressure are applied to the outside face of the tunnel lining. The structural model is
built at the centroid of the lining. Therefore, the surface area to which the rock and hydrostatic loads are applied is
larger than the surface area along the centroid the model. The surface area at the location of the centroid is directly
proportional to the surface area at the outside face in the ratio of the radius of the outside face to the radius at the
centroid. To account for this difference between the modeled area and the actual area and to include the full
magnitiude of the applied loads, multiply the rock and hydrostatic loads by the ratio of outside radius to centroidal
radius.

Radius to Centroid (rc) = 18.17 ft
Radius to Outside face (ro) = 18.83 ft

Multiply Loads Applied to Outside of Tunnel by ro/rc: 18.83 / 18.17 = 1.037

Calculate Hydrostatic Loads:

Hydrostatic head at the tunnel invert = 40 ft = 2.50 ksf

Hydrostatic Load from ground water is applied to the outside of the tunnel. 

Value at the invert = 2.50 ksf
Applied amount = 2.50 x 1.037 x 5 = 12.94 ksf   Where 5' is the length of the segment

The water pressure magnitude at each joint is calculated based on the distnace of the joint from the invert:

Magnitude of the hydrostatic pressure at joint j = [Value at invert - |(yinvert - yj)| x 62.4] x ro/rc x segment length

Where:
yinvert = the y coordinate of the joint at the tunnel invert
yj = the y coordinate of the joint at which the hydrostatic pressure is being calculated

Since the hydrostatic pressure is applied perpendicular to the face of the tunnel, it may be necessary or convenient,
dependening on the software being used, to calculate the horizontal and vertical components of the hydrostatic pressure
at each joint.  This value can be calculated at joint j as follows.

X component of Hydrostatic Pressure at joint j = Magnitude at joint j times cos(αj)

Y component of Hydrostatic Pressure at joint j = Magnitude at joint j times sin(αj)

Figure 10E-4 is the hydrostatic pressure loading diagram and also includes a depiction of j and α.
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Tabulation of Hydrostatic Pressure Input Loads

Joint Coordinates
Joint α x y Magnitude X Y

Component Component
(deg) (ft) (ft) (ksf) (ksf) (ksf)

1 0 18.167 0.000 61.21 -61.21 0.00
2 5 18.098 1.583 60.70 -60.47 -5.29
3 10 17.891 3.155 60.19 -59.28 -10.45
4 15 17.548 4.702 59.69 -57.66 -15.45
5 20 17.071 6.213 59.20 -55.63 -20.25
6 25 16.465 7.678 58.73 -53.22 -24.82
7 30 15.733 9.083 58.27 -50.47 -29.14
8 35 14.881 10.420 57.84 -47.38 -33.18
9 40 13.916 11.677 57.43 -44.00 -36.92

10 45 12.846 12.846 57.06 -40.34 -40.34
11 50 11.677 13.916 56.71 -36.45 -43.44
12 55 10.420 14.881 56.40 -32.35 -46.20
13 60 9.083 15.733 56.12 -28.06 -48.60
14 65 7.678 16.465 55.88 -23.62 -50.65
15 70 6.213 17.071 55.69 -19.05 -52.33
16 75 4.702 17.548 55.53 -14.37 -53.64
17 80 3.155 17.891 55.42 -9.62 -54.58
18 85 1.583 18.098 55.36 -4.82 -55.15
19 90 0.000 18.167 55.33 0.00 -55.33
20 95 -1.583 18.098 55.36 4.82 -55.15
21 100 -3.155 17.891 55.42 9.62 -54.58
22 105 -4.702 17.548 55.53 14.37 -53.64
23 110 -6.213 17.071 55.69 19.05 -52.33
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24 115 -7.678 16.465 55.88 23.62 -50.65
25 120 -9.083 15.733 56.12 28.06 -48.60
26 125 -10.420 14.881 56.40 32.35 -46.20
27 130 -11.677 13.916 56.71 36.45 -43.44
28 135 -12.846 12.846 57.06 40.34 -40.34
29 140 -13.916 11.677 57.43 44.00 -36.92
30 145 -14.881 10.420 57.84 47.38 -33.18
31 150 -15.733 9.083 58.27 50.47 -29.14
32 155 -16.465 7.678 58.73 53.22 -24.82
33 160 -17.071 6.213 59.20 55.63 -20.25
34 165 -17.548 4.702 59.69 57.66 -15.45
35 170 -17.891 3.155 60.19 59.28 -10.45
36 175 -18.098 1.583 60.70 60.47 -5.29
37 180 -18.167 0.000 61.21 61.21 0.00
38 185 -18.098 -1.583 61.72 61.49 5.38
39 190 -17.891 -3.155 62.23 61.29 10.81
40 195 -17.548 -4.702 62.73 60.59 16.24
41 200 -17.071 -6.213 63.22 59.41 21.62
42 205 -16.465 -7.678 63.69 57.73 26.92
43 210 -15.733 -9.083 64.15 55.55 32.07
44 215 -14.881 -10.420 64.58 52.90 37.04
45 220 -13.916 -11.677 64.99 49.78 41.77
46 225 -12.846 -12.846 65.37 46.22 46.22
47 230 -11.677 -13.916 65.71 42.24 50.34
48 235 -10.420 -14.881 66.02 37.87 54.08
49 240 -9.083 -15.733 66.30 33.15 57.42
50 245 -7.678 -16.465 66.54 28.12 60.30
51 250 -6.213 -17.071 66.73 22.82 62.71
52 255 -4.702 -17.548 66.89 17.31 64.61
53 260 -3.155 -17.891 67.00 11.63 65.98
54 265 -1.583 -18.098 67.06 5.84 66.81
55 270 0.000 -18.167 67.04 0.00 67.04
56 275 1.583 -18.098 67.06 -5.84 66.81
57 280 3.155 -17.891 67.00 -11.63 65.98
58 285 4.702 -17.548 66.89 -17.31 64.61
59 290 6.213 -17.071 66.73 -22.82 62.71
60 295 7.678 -16.465 66.54 -28.12 60.30
61 300 9.083 -15.733 66.30 -33.15 57.42
62 305 10.420 -14.881 66.02 -37.87 54.08
63 310 11.677 -13.916 65.71 -42.24 50.34
64 315 12.846 -12.846 65.37 -46.22 46.22
65 320 13.916 -11.677 64.99 -49.78 41.77
66 325 14.881 -10.420 64.58 -52.90 37.04
67 330 15.733 -9.083 64.15 -55.55 32.07
68 335 16.465 -7.678 63.69 -57.73 26.92
69 340 17.071 -6.213 63.22 -59.41 21.62
70 345 17.548 -4.702 62.73 -60.59 16.24
71 350 17.891 -3.155 62.23 -61.29 10.81
72 355 18.098 -1.583 61.72 -61.49 5.38

CALCULATE EARTH LOADS

Roof Load = 4.55 ksf

Applied Load = 4.55 x  5 x 1.04 = 23.58 ksf

The horizontal load is given as 1.0 times the vertical load = 23.58 ksf
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This load is applied vertically to the lining members. Care should be taken in the input of this load to be sure that it is
modeled correctly. The total applied load should be equal to the Roof Load times the Outside Diameter of the Tunnel
times the Length of the Segment .  Figure 10E-5 shows the loading diagram for this load.
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APPURTENANCE DEAD LOAD

For this example, the appertenances consist of the jet fans, the drainage system and the roadway slab. The jet fans and
the roadway slab are considered as DC loads or the drainage syatem is considered a DW load as given in paragraph
3.3.2 of the AASHTO LRFD specifications.  

Jet Fans:

Jet fan load consists of dead load and a dynamic allowance for when the fan starts operation. The dynamic allowance
does not need to be treated separately from the dead load. The total anticipated load from the jet fans is 2,000 pounds
applied vertically.

Using figure 1, the jet fan load is applied at a location that is 6'-0" on either side of the center line of tunnel. Assume
that the supports for the jet fan lie 1'-0" on either side of the centerline of the jet fan. Apply the load as a joint load to
the joints that x coordinates are closest to ±2.00 and ±4.00. The load applied at each of these joints will be one half of
the jet fan load shown above.  For this example, the loads will be applied at joints 15, 16, 22 & 23.

Drainage System:

The drainage system consists of a 6" diameter standard weight steel pipe. Conservatively assume that the pipe is full
of water to calculate the dead load.

Pipe weight = 18.97 plf
Inside Diameter = 6.065 in
Inside Area = 6.065 x 3.14159 / 2.00 = 9.53 in2

Weight of water in pipe = 9.53 / 144 x 62.4 = 4.13 plf

Load Applied to Liner = (18.97 + 4.13 ) x 5 = 115.49 pounds

The pipe weight will be applied at the end of the roadway slab. Referring to Figure 1 shows that the intersection of the
center of roadway slab and the tunnel wall is located approximately at approximately 9.2 feet below the center of the
trunnel. (Assuming a 15" thickness for the roadway slab.) Therefore, in this model the drainage system load can be
applied at joints 42 and 68 to approximatel the effect of this load.

Roadway Slab:

The roadway slab consists of three components, the slab, the vertical center support and the barrier/walkway shapes.

Slab: Assume thickness of roadway slab and center support = 15 in

The intersection of the center roadway slab and the tunnel wall is located approximately9.2 feet below the center of the
tunnel. Therefore in this model, the slab load should be applied at joints 42 and 68 to approximate the effect of this
load.

The approximate length of the roadway slab would be the distance between joints 42 and 68 = 32.93 ft

Weight of roadway slab = 1.25 x 150 x 32.93 x  5 = 30871 lbs

Since the roadway slab is continuous and supported in the center, assume that 40% of this load is applied at the side
walls and 60% is applied at the center support.
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Load applied to the side walls = 30871.1 x 0.20 = 6174 lbs

Load applied to center support = 30871.1 x 0.60 = 18523 lbs

Weight of center support = 1.25 x 150 x 7.50 x 5 = 7031 lbs

Total load from center support = 18523 + 7031 = 25554 lbs

Because fo the invert slab, the load from the center support will be distributed over several joints. Apply this load to
joints 51 to 59.

LIVE LOAD

Live load from the roadway slab will be the result of the application of the design truck or design tandem coincident
with the lane load as per paragraph 3.6.1.2 of the AASHTO LRFD specifications. The minimum spacing of the truck
load axles is 14'. The maximum truck axle load is 14'. This means with a 5' long segment, only one truck axial can be
on a ring at any time. The maximum truck axle load is 32 kips. The tandem axles are spaced at 4'-0" and weigh 25
kips each. Using the 4-foot spacing, both tandem axles for a total of 50 kips can be on a single ring at a time.
Therefore, use the tandem axle arrangement for this example.

The dynamic load allowance (IM) for the limit states used in the tunnel of tunnel linings (i.e., all limit states except
fatigue and fracture) is given in AASHTO LRFD specifications in Table 3.6.2.-1 as 33%.  The dynamic load allowanc
is applied only to the design tandem and not to the lane load.  The computation of the live load effect then is as follows:

Live Load Case 1 - One Traffic Lane:

50.000 kips x 1.33 x 1.20 = 79.8 kip
0.640 klf x 5.00 x 1.20 = 3.84 kip
Total: 83.64 kip

Where the value of 1.20 is the Multiple Presence Factor (m) given in the AASHTO LRFD specifications 
in Table 3.6.1.1.2-1

Where the value of 5.00 is the length of a single ring.

Assign 40% of this value to joint 42 and 60% of this value to joints 51 to 59.

Load applied at joint 42 = 33.5 kip
Load applied to each of joints 51 to 59 = 5.6 kip

Live Load Case 2 - Two Traffic Lanes:

50.000 kips x 1.33 x 1.00 = 66.5 kip
0.640 klf x 5.00 x 1.00 = 3.2 kip
Total: 69.7 kip

Where the value of 1.00 is the Multiple Presence Factor (m) given in the AASHTO LRFD specifications 
in Table 3.6.1.1.2-1

Where the value of 5.00 is the length of a single ring.
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Limit State DC DW EV LL WA

Strength Ia1 1.3 1.5 1.4 1.8 1
Strength Ib1 0.9 1.5 1.4 1.8 1
Strength Ic1 1.3 0.65 1.4 1.8 1
Strength Id1 0.9 0.65 1.4 1.8 1
Strength Ie1 1.3 1.5 0.9 1.8 1
Strength If1 0.9 1.5 0.9 1.8 1

St
re

ng
th

 I Strength Ig1
Strength Ih1
Strength Ia2

1.3
0.9
1.3

0.65
0.65
1.5

0.9
0.9
1.4

1.8
1.8
1.8

1
1
1

Strength Ib2 0.9 1.5 1.4 1.8 1
Strength Ic2 1.3 0.65 1.4 1.8 1
Strength Id2 0.9 0.65 1.4 1.8 1
Strength Ie2 1.3 1.5 0.9 1.8 1
Strength If2 0.9 1.5 0.9 1.8 1
Strength Ig2 1.3 0.65 0.9 1.8 1
Strength Ih2 0.9 0.65 0.9 1.8 1
Strength IIa1 1.3 1.5 1.4 1.4 1
Strength IIb1 0.9 1.5 1.4 1.4 1
Strength IIc1 1.3 0.65 1.4 1.4 1
Strength IId1 0.9 0.65 1.4 1.4 1
Strength IIe1 1.3 1.5 0.9 1.4 1
Strength IIf1 0.9 1.5 0.9 1.4 1

St
re

ng
th

 II Strength IIg1
Strength IIh1
Strength IIa2

1.3
0.9
1.3

0.65
0.65
1.5

0.9
0.9
1.4

1.4
1.4
1.4

1
1
1

Strength IIb2 0.9 1.5 1.4 1.4 1
Strength IIc2 1.3 0.65 1.4 1.4 1
Strength IId2 0.9 0.65 1.4 1.4 1
Strength IIe2 1.3 1.5 0.9 1.4 1
Strength IIf2 0.9 1.5 0.9 1.4 1
Strength IIg2 1.3 0.65 0.9 1.4 1
Strength IIh2 0.9 0.65 0.9 1.4 1

SE
R

V
IC

E

Service I1
Service I2
Service II

1
1
1

1
1
1

1
1
1

1
1

N/A

1
1
1

Assign 40% of this value to joint 42 and 68 and 60% of this value to joints 51 to 59.

Load applied at joints 42 and 68 = 27.9 kip
Load applied to each of joints 51 to 59 = 4.6 kip

LOAD COMBINATIONS

The following table represents the load combinations associated with the limit states to be investigated and the
associated load factors. These load cases were entered into the structural analysis software to obtain the results that are
presented below.

The designation 1 & 2 in the above table indicates the number of live load lanes.
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Design will be performed for the following load cases:  

1. Maximum moment (Mmax) and associate axial load (P).
2. Maximum axial load (Pmax) and associated moment (M).
3. Maximum shear (Vmax).

The following are the results:

Schist: Mmax = 367.1 ft-kip P = 524.1 kip Strength IIa1 Joint 19
Pmax = 1496.1 kip M = 173.2 ft-kip Strength IIa1 Joint 38
Vmax = 93.5 kip Strength IIa1 Joint 15
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Appendix G Segmental Concrete Design Example
DESIGN PROCESS CALCULATIONS

 References: AASHTO LRFD Bridge Design Specifications, 3rd Ed., 2004

Data: Segmental lining dimensions:

Segment Length = 5.00 ft
Lining Thickness = 1.33 ft

1. Structure Design Calculations

1.1 Concrete Design Properties:

AASHTO LRFD Reference

Es = 29000 ksi 5.4.3.2
fy = 60 ksi
f'c = 5 ksi
γc= 145 pcf Table 3.5.1-1
β1 = 0.80 5.7.2.2

1.2 Resistance Factors
AASHTO LRFD Reference 5.5.4.2

Flexure = 0.75 (ø)  varies to0.9
Shear = 0.90

Compr. = 0.75



1.3 Limits for Reinforcement
AASHTO LRFD Reference 5.7.4.2

For non-prestressed compression members, the maximum area of reinforcement is given by 
AASHTO LRFD Specification Equation 5.7.4.2-1 as:

A s As   ≤ 76.8   in2
≤ 0 . 08

A g
⇒

For non-prestressed compression members, the minimum area of reinforcement is given by AASHTO 
LRFD Specification Equation 5.7.4.2-3 as:

A s  f y
≥ 0 . 135 As   ≥ 10.8   in2

A g f ' c
⇒

Where:

As = Area of nonprestressed tension steel (in2)

Ag = Gross area of the concrete section (in2)
fy = Specified yiled strength of the reinforcing bars (ksi)
f 'c = Specified compressive strength of the concrete (ksi)



2. Check for One Lining Segment

2.1 Following a Design calculation check will be performed for one lining 
segment:

2.2 Slenderness Check (LRFD 5.7.4.3):

k = 0.65 β1 = 0.85
lu = 5.00 ft            = 60 in ds = 13.75 in
d = 1.33 ft            = 16.0 in d's = 2.25 in
I = 4096 in4 #8 bar dia. = 1.00 in
r = 4.62 in

3

12
3012I ⋅

= d
12

Ir ⋅=

From analysis output:
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23.55
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r
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⎝

⎛
−

2
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M
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where M1 = 58.8 kip-ft P1 = 2864.9 kip
M2 = 67.5 kip-ft P2 = 2864.9 kip

Where M1 and M2 are smaller and larger end moments
Neglect Slenderness

l ⎛ M ⎞
k ⋅ u is bigger than 34 − 12 ⎜ 1 ⎟⎜ ⎟r ⎝ M 2 ⎠

lu



 2.3 Calculate EI (LRFD 5.7.4.3): 
I

Ec = 4074.28 ksi
EI = 6933748.9 kip-in2

Ig = 4096 in4 

c = 5.5 in

EI= 3337650.74 kip-in2

Is = 363.10 in4

Mno = 67.50 kip-ft
M2 = 67.50 kip-ft

1.00==
2

no
d M

M
β

( ) ( )0.5
c

1.5
cc f'γ33000E ⋅⋅=
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2.4 Approximate Method (LRFD 4.5.3.2.2)
The effects of deflection on force effects on beam-columns and arches which meet the provisions of 
the LRFD specifications and may be approximated by the Moment Magnification method described 
below. 

For steel/concrete composite columns, the Euler buckling load Pe shall be determined as specified in 
Article 6.9.5.1 of LRFD. For all other cases, Pe shall be taken as:

 (LRFD eq. 4.5.3.2.2b-5)2
u

2

e )l(k
EIπP

⋅
⋅

=

Where:
lu = unsupported length of a compression member (in)
k = effective length factor as specified in LRFD Article 4.6.2.5
E = modulus of elasticity (ksi)
I = moment of inertia about axis under consideration (in4)

Pe = 44992.35 kip

From LRFD section 4.5.3.2.2b:



Moment Magnification:  
(The components for sidesway will be neglected.  Bracing moment will not include lateral force 

influence)
The factored moments may be increased to reflect effects of deformations as follows:

LRFD eq. (4.5.3.2.2b-1):
Mc = δb*M2b + δs*M2s Mu = 67.50 kip-ft
Mc = 68.89 kip-ft

where M2b = 67.50 kip-ft
in which:

LRFD eq. (4.5.3.2.2b-3)

δb = 1.020656

1

φP
P1

δ

e

u

m
b ≥

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

=

Where:
Pu= factored axial load (kip)
Pe= Euler buckling load (kip)
M2b= moment on compression member due to factored gravity loads that result in no appreciable 
sideway calculated by conventional first-order elastic frame analysis; always positive (kip-ft)
Ф= resistance factor for axial compression 

Pu = 2864.9 kips
For members braced against sidesway and without transverse loads between supports, Cm:

⎛ M
C = 0.6 + 0.4 ⎜ 1 ⎞

m ⎟⎜ ⎟
⎝ M 2 ⎠ LRFD eq. (4.5.3.2.2b-6)

Cm = 0.95
Where:

M1= smaller end moment
M2= larger end moment

C



Factored flexural resistance:
(From LRFD section 5.7.3.2.1)
The factored resistance Mr shall be taken as:

Mr=ΦMn

Where:
Mn= nominal resistance (kip-in)
Φ = resistance factor
The nominal flexural resistance may be taken as:

(LRFD eq. 5.7.3.2.2-1)         ⎟
⎠
⎞

⎜
⎝
⎛ −⋅⋅−⎟

⎠
⎞

⎜
⎝
⎛ −⋅⋅=

2
ad'f'A'

2
adfAM syssysn

Do not consider compression steel for calculating Mn

Mn = 3754.15 kip-in
Mn = 312.85 kip-ft
Φ = 0.9

ΦMn = 281.56 kip-ft => OK
Mr= 281.56 kip-ft Mr  > Mc

Where:
A = area of nonprestresses tension reinforcement (in2

s )
fy= specified yield strenght of reinforcing bars (ksi)
ds= distance from extreme compression fiber to the centroid of nonprestressed tensile reinforcement (in
a= cβ1; depth of equivalent stress block (in)
β1= stress block factor specified in Article 5.7.2.2 of LRFD
c= distance from the extreme compression fiber to the neutral axis

( )A ⋅ f
c = s y

LRFD eq. (5.7.3.1.2-4)
0.85 ⋅ f'c ⋅β1 ⋅ b

from which:
A = 6.0 in2

s

fy= 60.0 ksi
f'c= 5.0 ksi
β1= 0.80 LRFD 5.7.2.2
b= 12.0 in  
c = 8.30 in
a = β1·c
a = 6.64 in



Create interaction diagram
As 2

min = 10.8 in

Asprov (total) = 12.00 in2 Choose #7 at 6 both faces
Es = 29000 ksi
β1 = 0.85
Yt = 8 in

0.85·f'c = 4.25 ksi
Ag, in

2 = 960 in2

As = A's = 6.0 in2

At zero moment point From LRFD eq. (5.7.4.5-2):

Po = 0.85 ⋅ f' c ⋅(A g − A st ) + A st ⋅ f y

Po = 4415 kip
ΦPo = 3311 kip

Where:
Φ = 0.75

At balance point calculate Prb and Mrb

cb = 8.25 in
ab = 7.01 in a b = β 1 ⋅ c b

f's = 63 ksi ⎡⎛ 0.003⎞ ⎤f' = s ⎢⎜ ⎟ ⋅ c − d' ⎥f's>fy;  set at fy s E ( )
⎣⎝ c ⎠ ⎦

Acomp = 420.75 in2 A comp = c ⋅ b

ay' = =
2 3.50625 in

φPb = φ [0.85 ⋅ f' c ⋅b ⋅ a b + A' s ⋅ ⋅f' s −A s ⋅ f y ]
ФPb = 1341 kip
ФMb = 9046 kip-in
ФMb = 754 kip-ft



At zero 'axial load' point (conservatively ignore compressive reinforcing)

a = 0.3 in
ФMo = 3674.4 kip-in
ФMo = 306 kip-ft

( )bf'0.85
fA

a
c

ys

⋅⋅

⋅
=

At intermediate points
a, in  c = a/β1 , in2Acomp f's,ksi fs,ksi fy, ksi ФMn, k-ft ФPn, kips

306 0
2 2.5 120 45 270 60 439 363
3 3.8 180 59 180 60 557 555
4 5.0 240 66 135 60 632 746
5 6.3 300 70 108 60 688 937
6 7.5 360 73 90 60 729 1128
7 8.8 420 75 77 60 754 1320
8 10.0 480 77 67 60 762 1511
10 12.5 600 79 54 60 732 2005
11 13.8 660 79 49 60 693 2201

0 3311
End 1 367 524

Ф may decrease from 0.90 to 0.75 as "a" increases End 2 173 1496
Note: from 0.0 to ab.  Use 0.75 to be conservative. 68 3000

Where:
A in2

comp = a ⋅ 60

⎛ 0.003 ⎞f's = E s ⋅ ⎜ ⎟ ⋅ ( )c − A's ksi
⎝ c ⎠

⎛ 0.003 ⎞f s = E s ⋅ ⎜ ⎟ ⋅ ( )c − A ksi
⎝ c ⎠

s

⎡ ⎞ ⎤
φ⎢( ) ⎛ aAcomp −A's ⋅ ⎜yt − ⎟ ⋅0.85⋅ f' A f

⎝ 2 ⎠
c+ s ⋅ y ( )d − yt +A's⋅f's (yk-ft t − d')⎥

⎣ ⎦φMn = 12

φPn = φ (A comp − A's )⋅ 0.85 ⋅ f' c +A's ⋅f' s −A sf y kips
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3. Shear Design (LRFD section 5.8.3.3)
The nominal shear resistance, Vn shall be determined as the lesser of:
LRFD eq. 5.8.3.3-1:                     LRFD eq. 5.8.3.3-2:

Vn = Vc + Vs or Vn = 0.25 ⋅ f' c ⋅b v ⋅ d v

NOTE: Vp is not considered
in which:

For slab concrete shear (Vc), refer to LRFD Section 5.14.5:

LRFD eq. (5.14.5.3-1)ece
u

eu

e

s
cc bdf'0.126bd

M
dV

bd
A

4.6f'0.0676V ⋅≤⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

V u ⋅ d e ≤ 1.0where M u

LRFD eq. (5.8.3.3-4)
s

sinαα)cot θ(cot dfA
V vyv

s

⋅+
=

A v ⋅ f α = 90º; θ = 45º V y ⋅ d v
s = s

Where:
As= area of reinforcing steel in the design width (in2)

de= effective depth from extreme compression fiber to the centroid of the tensile force in the tensile 
reinforcement (in)
Vu= shear from factored loads (kip)
Mu= moment from factored loads (kip-in)
b= design width (in)
bv= effective web width taken as the minimum web width within the depth dv (in)
dv=effective shear depth taken as the distance, measured perpendicular to the neutral axis (in)
Av= area of shear reinforcement within a distance s (in2)
s= spacing of stirrups (in)

dv = 0.9·de or 0.72·h        (LRFD section 5.8.2.9)
dv = 12.38 in

de= 27.75 Av = 0 in2

V u ⋅ d e = 6.68M u s = 12 in
V ⋅ d

Use u e = 1.00
M u



Max. shear and associated moment from analysis output:
Vu = 32.8 kip
Mu = 67.5 kip-ft

Vc = 80.14 kip
or Vc = 46.49 kip Controls

Vs = 0.00 kip
Vn = 46.49 kip    Vn = 185.63 kip

therefore Vn = 46.49 kip
Ф= 0.9
ФVn = 41.84 kip > Vu OK



 
 
 

This page is intentionally left blank. 



Appendix H 
 

Deficiency and 
Reference Legends for 

Tunnel Inspection 
 
 
 



 
This page is intentionally left blank. 



Appendix H 
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H.1 Deficiency Legends 
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F4 Broken MCP2 Bent 
FS Buckled MCP3 Broken 
F6 Other MCP4 Buckled 
F7 Anchorage loose/creep MCPS Joints Leak 

Steel Liner Plate Flanges Miscellaneous Metals 
FLl Surface Rust Framing Steel Suspended 

FL2 Loss Of Section Ceiling Support Assembly % 
MFl Surface Rust FL3 Out Of Plane 
MF2 Loss of Section % 
MF3 Out of Plane 

Glass Block Units 
MF4 Broken 

GBl Joint Material Cracked or Missing 
Miscellaneous Metals ( continued) 

GB2 Cracked Block 
Framing Steel Suspended 

GB3 Broken Block Ceiling Support Assembly 
GB4 Missing Block MFS Buckled 

MF6 Other 
Other Codes "MF6 Anchorage loose/creep 
GEN General 

Miscellaneous Metals 
HAZM Hazardous Materials Conduit Support Assembly 
HC Honeycombing 

MSl Surface Rust 
HO Hole 

MS2 Loss of Section % 
MS3 Out of Plane Encrustation 
MS4 Broken 11 Encrustation Light 
MSS Buckled 12 Encrustation Heavy 
MS6 Other 

Other Codes 
Other Codes INCO Inadequate Coverage 
MI Missing IV Insufficient Ventilation 
MISAL Misaligned 
p Concrete Joints Ponding 

Jl Joint < Ys" PLG Plugged 

J2 Joint Ys" - W' PR Previous Repair 

J3 Joint Yt - Yz" 
Paint J4 Joint > Yz" 
Pl Paint - Blister JS Special Joint 
P2 Paint - Peeling 

Tunnel Lighting 
LFl Light Fixture Not Working Rebar 

LF2 Light Fixture Casing Crcked or Brk Rl Rebar-Surface Rust 

LF3 Light Fixture Mounting Bracket R2 Rebar-Loss Of Section 

LF4 Light Fixture Anchorage R3 Rebar - Bent 
R4 Rebar - Broken 

LH Loose Handle RS Rebar - Buckled 
LOC Location (No Deficiency) R6 Rebar - Special 
LOO Loose 

Other Codes 
Tunnel Moistu.-e RCJ Recaulk Joint 
Ml Damp Patch RPJ Repaint Joint 
M2 Standing Drop RPMJ Repaint Mortar Joint 
M3 Dripping RUS Rust 
M4 Continuous Leak 
PM Past Moisture Concrete SJ;!alls 

Sl Spall < 2" 
Metal Ceiling Module Panels- Pre-fabricated S2 Spall to rebar 
MCPl Misaligned S3 Spall behind rebar 

S4 Special concrete spall  
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Steel Liner Plate Segments 
SPl Surface Rust 
SP2 Loss Of Section % 
SP3 Out Of Plane 
SP4 Broken 
SPS Buckled 
SP6 Other 

Othet· Codes 
SAG Wire Mesh Sagging 

Concrete Scaling 
SCl <1/4" Light Cone Scale 
SC2 > 114" Deep Cone Scale 

Steel Rust 
SRl Steel Rust -Surface 
SR2 Steel Rust - Pitting 
SR3 Steel Rust - Section Loss 
SR4 Steel Rust- Severe 

Glazed Brick Or Block 
FSPl Minor Surface Spall, No Repair 
FSP2 Major Surface Spall, Replace 

Other Codes 
SAG Wire Mesh Sagging 
ST Stalactite/Stalagmite 

VBC Violation Of Code 
VEC Violation Of Electrical Code 
VOSH Violation Of OSHA 
VPC Violation Of Plumbing Code 
VSHC Violation Of State Health Code 

WA Warped 
WD Water Damage 
WHO Wires Hanging Out 
wo Worn 

Sign Supports 

SSPl Mi nor rust 
SS2 Loose c omponents (e lec/mech 
SS3 Anchora ge Loose/cr e e p 
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Code Description Code Description 

HB Hose Bib SIS Sign Supports 
HC Heating Coil SK Sink 
HE Heat Exchanger. SL Sleeve 
HR Handrail SM Stone .Masonry 
HSG Housing SMW Light Gage Sheet Metal Walls -

Exhaust Duct 
HTC High Tension Splicing Clunbr SNR Sensor 
HTR Heater so Soil Pipe 
HUM Humidistat SPC Standpipe Cabinet 
IC Island Concrete - Toll Booth ST Stair 
IS Inlet Screen STK Stack 
JB Junction Box STP Steam Trap 
JT Joint- Construction/Expan STR Strainer 
L Leader STRC Strip Recorder 
LA Ladders swc Safety walk - Concrete 
LAV Lavatory TB TollBooth 
LF Light Fixture TBT Toll Booth Tunnel 
LFS Light Fixture Support TEL Telephone System 
LI Lintel TH Thermostat 
LL Light Level TOI Toilet Area 
LS Light Switch TS Traffic Signal 
M Miscellaneous Metal TSW Transfer Switch 
ME Meter TV Turning Vane 
MF Motor Foundation UH Unit Heater 
MH .Manhole v Valve 
MM Motor Mount VB Vacuum Breaker 
PA Public Address VI Video System 
PB Pull Box (Electrical) VNT Vent 
PBS Push Button Station vs Ventilation Shaft 
PI Piping w Wall - Concrete 
PLS Steel Plates WAM Water Meter 
PNL Panel Board WB Wall- Block (CMU) 
POP Polymer Panels WBM Wall Beam 
pp Parapet WBR Wall- Brick 
PT Partition we Water Closet 
PV Pavement WCB Wall - Cinder Block 
RAS Radio System WH Wall Hydrant 
RCP Receptacle WHA Water Hammer Arrestor 
RLY Relay WHL Wheel 
RM Roof- Membrane WI Window 
RMP Remote Monitoring Panel WIR Wire (Elect) 
s Structural Steel WL Window Louvers 
SF Shaft (Mech) WP W aterproofmg 
SH Shaft (Misc.) WR Retaining Wall 
SHE Sheave WST Waste 
SHFT Elevator Shaft WT Wall- Tile 
SHW Shower XFR Transformer (Dry Type) 
SI Sign 
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Technical Advisory 
U.S. DEPARTMENT OF 
TRANSPORTATION 

Federal Highway 
Administration 

Par. 

Subject 

Use and Inspection of Adhesive Anchors in 
Federal-Aid Projects 

Classification Code Date 
T 5140.30 March 21, 2008 

1. What is the purpose of this Technical Advisory? 
2. Does this Technical Advisory supersede another Technical Advisory? 
3. What is the definition of "Fast Set epoxy"? 
4. What is the background of this Technical Advisory? 

OPI 
HIBT-10 

5. What are the recommendations for new Federal-aid projects and existing 
projects? 

1. What is the purpose of this Technical Advisory? The purpose of this 
Technical Advisory is to provide guidance and recommendations regarding the 
use and in-service inspection of adhesive anchors, including those utilizing "Fast 
Set epoxy" (see definition in paragraph 3), in sustained tension applications on all 
Federal-aid highway projects. 

2. Does this Technical Advisory supersede another Technical Advisory? Yes. 
This Technical Advisory supersedes Technical Advisory T 5140.26, dated 
October 17, 2007, by updating the list of "Fast Set epoxies" identified in 
paragraph 3. Technical Advisory T 5140.26 is herein cancelled. 

3. What is the definition of "Fast Set epoxy"? "Fast Set epoxy" refers to an 
epoxy produced by the Sika Corporation called Sikadur AnchorFix-3. This epoxy 
is also repackaged and distributed by the names/companies presented in a list of 
adhesives available from the Federal Highway Administration (FHWA) Web site 
at the following Web link: http://www.fhwa.dot.gov/Bridge/adhesives.cfm. FHWA 
will update this list as new information becomes available and encourages 
visitation to this Web site for the latest updates. 

4. What is the background of this Technical Advisory? 

a. On July 10, 2006, a portion of the suspended ceiling system of the 1-90 
connector tunnel in Boston, Massachusetts, collapsed onto a passing car, 
killing the passenger and injuring the driver. The suspended ceiling in the 



collapsed section was comprised of concrete panels connected to steel 
hangers suspended from the tunnel concrete ceiling by an adhesive 
anchor system consisting of stainless steel anchor rods embedded in 
epoxy. Immediately after the accident, the FHWA launched an 
independent study and testing plan to determine the probable cause of 
failure of the suspended ceiling system. 

b. The testing plan consisted of short-term strength and long-term 
performance testing of the adhesive anchor system installed in the 1-90 
connector tunnel, as well as an experimental parametric study and a 
limited sustained load characterization study on the adhesive anchor 
system supplied for use in the 1-90 connector tunnel conducted at the 
FHWA's Turner-Fairbank Highway Research Center (TFHRC). The 
testing program identified several installation factors that affect the short
term strength of adhesive anchors. However, while these factors may 
have contributed to the timing of the failure, the results clearly show that 
the primary cause of the collapse was the use of "Fast Set epoxy" which is 
incapable of resisting sustained tension loads without excessive creep. 

c. In addition to the testing conducted on the adhesive used in the 1-90 
tunnel, data produced at TFHRC show that some anchor systems utilizing 
adhesives other than "Fast Set epoxy" that have passed the International 
Code Council (ICC) creep certification process are still vulnerable to creep 
under typical bridge and tunnel exposure conditions. The results indicate 
that the current American Society for Testing and Materials (ASTM) and 
the ICC creep prediction methodology do not appear to guarantee safe 
performance of adhesive anchors over the entire expected service life (75 
to 100 years) of transportation structures. In addition, the ICC does not 
address issues related to overhead installation of anchors nor the effect 
that vibration could have on their long-term performance and integrity. 

d. Therefore, as a result of the investigation of the collapsed suspended 
ceiling support system, and in concurrence with the National 
Transportation Safety Board's findings, the FHWA is now implementing 
these safety recommendations to ensure that similar incidents will not 
occur in the future. 

e. At the timeT 5140.26 was issued, the FHWA was aware of the four 
products originally listed in paragraph 3 as being inadequate. Since that 
time, the investigation has continued to identify adhesives that are 
repackaged Sika products that include the fast set hardener (part B of the 
epoxy). These repackaged adhesives have been added to the original 
list so that structure's owners are aware of the potential for creep issues 
associated with these products. 



' . 

5. What are the recommendations for new Federal-aid projects and existing 
projects? 

a. New Federal-aid projects 

(1) This Technical Advisory strongly discourages the use of "Fast Set 
epoxy" for adhesive anchor applications. 

(2) This Technical Advisory also strongly discourages the applications 
of anchor systems utilizing adhesives other than "Fast Set epoxy" 
for permanent sustained tension applications or overhead 
applications until the FHWA is satisfied with an improved 
certification process that is developed to ensure long-term creep 
performance and that recognizes the effect of overhead installation. 

b. Existing projects 

(1) Where applications are those specific to the use of "Fast Set epoxy" 
adhesive in sustained tension, it is strongly recommended the 
anchors be retrofitted and/or replaced with a reliable and 
appropriate mechanical anchor system and that rigorous and 
regular inspections are performed in the interim. 

(2) Where applications of anchor systems in sustained tension using 
adhesives other than "Fast Set epoxy" or from an unknown source 
have been identified, instituting a rigorous and regular inspection 
program that considers importance and redundancy is strongly 
recommended to maintain an appropriate level of confidence in 
their long-term performance. This may require developing a testing 
protocol and program to determine the site specific ultimate 
capacities and creep characteristics of the adhesive over the 
expected life of the structure. 

KingW. Gee 
Associate Administrator 
for Infrastructure 
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