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CHAPTER 1: INTRODUCTION

1.1 Overview

Inverted-T bent caps have been widely used in Texas to reduce the overall elevation of bridges, to
improve the available clearance beneath the beams, and to improve aesthetics. The structural
behavior of inverted-T bent caps is different than that of conventional top-loaded beams since the
loads are introduced into the bottom flange rather than the top of the beam. The flange of the
inverted-T serves as a shallow ledge to seat the bridge girders, while the web of the inverted-T, rising
above the ledge, provides the required depth to deliver sufficient flexure and shear strength and
stiffness.

Diagonal cracks at the reentrant corners between the cantilever ledges and the web in older,
existing inverted-T bent caps have been reported throughout the state of Texas. Since bridge
design criteria have been improved and modified over the decades, many of the early inverted-T
bent caps are deficient when evaluated against the current design approach and/or lack adequate
strength to support planned increases in live load demands. One example is the substructure

supporting the IH 35 upper deck through downtown Austin (Figure 1.1).

Figure 1.1. Inverted-T Bent Cap in Downtown Austin (Source: Google Maps).

Replacement of deficient bent caps is not always practical due to cost, interruption to traffic,
and the acceptable condition of other parts of the structure. Therefore, techniques for strengthening
these bent caps are needed. However, despite the need for robust, proven strengthening techniques

of inverted-T bent caps in Texas, no formal guidance is available in current standards. As such, there



is a need to investigate the effectiveness of retrofit solutions that adequately address the design
deficiencies and observed in-service damage of existing inverted-T bent caps.

1.2 Project Objective

This project focused on the design and validation of satisfactory performance of strengthening
existing inverted-T bent cap ledges through experimental testing. A primary objective was to
demonstrate and validate, through experimental testing, the satisfactory performance of
strengthening existing inverted-T bent caps. The research objectives were to:
e Evaluate existing inverted-T bent caps based on field visits and current design methodologies.
e Propose technical concepts to retrofit inverted-T bent caps found to be deficient using current
design methodologies.
e Evaluate the proposed retrofit solutions and make recommendations to test.
e Conduct experimental tests on half-scaled specimens and analyze the results.
e Develop design recommendations and provide design examples for the tested retrofit
solutions.
The solutions developed in this research are expected to provide increased capacity of
existing substructure components on numerous direct connectors and other bridges including the

highly congested IH 35 upper deck through downtown Austin.

1.3 Summary of Volume 1 and 2

Details of this project are reported in three volumes. VVolume 1 (Hurlebaus et al., 2018a) presented
(a) a literature review to guide the analysis of inverted-T bent caps and develop retrofit solutions;
(b) an evaluation of in-service inverted-T bent caps in Austin, Texas; (c) retrofit solutions for
strengthening inverted-T bent caps with deficient capacity; and (d) an evaluation of the proposed
retrofit solutions.
Following is a summary of the evaluation of in-service inverted-T bent caps and retrofit
solutions:
e During field inspections, the types of cracks observed on the end face of the in-service
inverted-T bent caps were diagonal cracks, horizontal cracks, vertical cracks, or a

combination of these initiated from the ledge-web interface.



e Typical double- and single-column bents were found to be deficient for increased traffic when
evaluated with modern codes.

e Eighteen retrofit solutions were proposed, including external post-tensioning (PT), steel
bracket to provide supplementary load path, fiber reinforced polymer (FRP) wrap with
anchors, concrete masonry column, and increased bearing pad size.

e The proposed solutions were designed to address ledge flexure, punching shear, and hanger
failure modes.

e Proposed solutions were evaluated in terms of six criteria: strength increase, total cost,
constructability, clearance constraints, durability, and ease of monitoring.

e Using a weighted sum model with specified weight factors, the retrofit solutions were rated
and ranked to create a decision matrix to choose the most viable solutions.

e Top-ranked solutions were selected to test in the lab: end-region stiffener (Solution 3),
clamped threadbar with channel (Solution 8), load-balancing PT (Solution 14), concrete infill
wall with partial- and full-depth FRP anchored with steel waling (Solutions 16 and 17), and
large bearing pad (Solution 18). Schematics of each solution are shown in Figure 1.2.

In Volume 2 (Hurlebaus et al., 2018b), an experimental test program to investigate the ability
of retrofit solutions to strengthen inverted-T bent caps was conducted. Thirty-three tests were
conducted on eight half-scale inverted-T bent specimens (five ledge-deficient and three
hanger-deficient specimens). It was found that the cracks observed from the experimental test
matched field observations. The diagonal cracks were observed on the punching shear reference
specimen, while horizontal cracks were observed on the hanger reference specimen. Vertical and a
combination of vertical and diagonal cracks were observed on the ledge reference specimen.

Hanger-deficient specimens were strengthened with end-region stiffener (Solutions 3),
clamped threadbar with channel (Solution 8), load-balancing PT (Solution 14), and concrete infill
with full-depth FRP anchored with steel waling (Solution 17) to evaluate the performance of these
retrofit methods in improving hanger capacity. The largest exterior hanger capacity increase was
provided by Solution 8 (61 percent), and the smallest was provided by Solution 3 (18 percent). The
largest interior capacity increase was provided by Solution 17 (23 percent), which resulted in a shift
in failure mode from hanger to ledge flexure. Solution 14 (interior and exterior) provided substantial

reduction in damage at loads expected on in-service bent caps; this retrofit was not tested to failure.
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Figure 1.2. Schematics of Selected Retrofit Solutions.

Ledge-deficient specimens were strengthened with end-region stiffener (Solutions 3),
clamped threadbar with channel (Solution 8), load-balancing PT (Solution 14), and concrete infill
with partial- and full-depth FRP anchored with steel waling (Solutions 16 and 17) to assess the
effectiveness of the solutions in increasing the ledge flexure capacity. The largest exterior ledge
capacity increase was provided by Solution 17 (82 percent), and the smallest was provided by
Solution 8 (21 percent for one threadbar, 36 percent for two threadbars). The interior ledge capacity
increase was investigated by two solutions, with Solution 16 (21 percent) providing a greater increase
in capacity than Solution 8 (16 percent).



Punching shear tests were conducted on ledge-deficient specimens to assess the effect of
bearing pad size (Solution 18) on punching shear capacity. Larger pads increased the exterior
capacity by 14 percent, but there was slight or no improvement in the interior capacity.

In Volume 2 (Hurlebaus et al., 2018b), the accuracy of American Association of State
Highway and Transportation Officials load and resistance factor design (LRFD) (AASHTO, 2014)
procedures in estimating the capacity of inverted-T bent caps was evaluated. Rational modifications
for some AASHTO LRFD equations were provided. Modifications were proposed for exterior
distribution widths for ledge flexure and ledge shear friction and for the angle of truncated pyramid

for punching shear capacity based on the test results.

1.4 Overview of Volume 3

In this volume, the results of the experimental test program are used to develop recommendations
for evaluation of in-service inverted-T bent caps and design of select retrofit solutions. To
demonstrate implementation of the proposed design recommendations, two design examples are
provided for double-column bents for each solution considered, and, where appropriate, for

single-column bents.

1.5 Report Outline

Chapter 2 addresses the recommendations for identifying deficiencies of in-service bent caps.
In-service bent caps used for the examples are summarized along with the calculated deficiencies of
the bent caps. In Chapter 3, recommendations are provided for selecting retrofit solutions. Chapter 4
through 9 describe design procedures for six solutions: end-region stiffener (Solution 3), clamped
threadbar with channel (Solution 8), load-balancing PT (Solution 14), concrete infill with partial-
and full-depth FRP anchored by steel waling (Solutions 16 and 17), and large bearing pad
(Solution 18). Step-by-step procedures for each solution are addressed in each chapter. Calculations
of deficiencies are provided in Appendix A. Design examples of each solution for the bent caps are
presented in Appendix B and Appendix C. Finally, Chapter 10 provides a summary of findings.






CHAPTER 2: BENT CAP ANALYSIS FOR DESIGN EXAMPLES

2.1 Overview

To establish the strength deficiencies that must be addressed in the design of inverted-T
strengthening solutions, the bent caps must be analyzed. The potential need to strengthen these
particular structures is the result of (a) changes in design provisions since the time construction in
the late 1960s, and (b) interest in increasing the number of lanes on the bridge, thereby increasing
the demands.

In this chapter, the capacity (C) of inverted-T bent caps is calculated using AASHTO
LRFD (2014) sectional methods with modifications by Hurlebaus et al. (2018b) and compared to
the demands (D). When there is insufficient capacity, the amount of additional strength needed,

referred to as the deficiency, is calculated as:
Deficiency =D/¢p —C (2.1)
where ¢ = strength reduction factor, 0.9.
Based on the recommendations to analyze in-service bent caps, the bent caps used for

design examples are evaluated to identify the deficiencies. In Section 2.4, the bent caps are briefly

summarized including structural characteristics and capacity.

2.2 Demands

Bent cap demands are characterized by girder loads for the most critical failure mechanisms:
hanger, ledge shear friction, ledge flexure, punching shear, and bearing.

Dead loads include the self-weight of the girder, deck, and any overlay that may be present.
The weight of the rails is distributed evenly among the stringers, up to three stringers per rail. To
account for the additional dead load from the haunch of the column to the slab ends, the dead load
of the slab is increased by 10 percent (Texas Department of Transportation [TxDOT], 2015).

Live loads are computed in accordance with Sections 3.6.1.2.2 and 3.6.1.2.4 of the
AASHTO LRFD (2014) specifications. The vehicular live loading on the roadway consists of a
combination of the design truck or the design tandem and the design lane load. The maximum live
load is always governed by the design truck over the design tandem for spans greater than 26 ft.
Figure 2.1 shows the locations of the HL-93 design truck on the interior girder, which generates
the maximum load effect as described in Section 3.6.1.3.1 of AASHTO LRFD (2014). When the

7



length of the spans is different, and the longer span (Span 2) is shorter than twice the short span
(Span 1) length, the middle axle (32 kips) is placed over the interior support, the front axle (8 kips)
is placed on the short span (Span 1), and the rear axle (32 kips) is placed on the long span (Span 2).
To account for wheel load impact from moving vehicles, the live load without the design lane load
is increased by applying dynamic load allowance factors, which are listed in Table 3.6.2.1-1 of
AASHTO LRFD (2014). The load effects from the design lane load are subject to multiple
presence factors (AASHTO, 2014). The live load applied to the slab is distributed to the beams by
assuming the slab is hinged at each beam except the outside beam (TxDOT, 2015).

The girder reaction (Vy in Figure 2.1[d]) is the factored load on each ledge of the inverted-T
bent caps. The live load for the girder reaction is maximized by placing the rear axial (32 kips) of
the HL-93 truck model over the support, as shown in Figure 2.1(c), and multiplied by the shear
live load distribution factor. The limit state factors listed in Table 3.4.1-1 of AASHTO (2014) are
multiplied to obtain girder reaction. The Service I limit state factors are 1.0 for dead and live load.

The Strength | limit state factors are 1.25 and 1.75 for dead and live load, respectively.

2.3 Capacity
AASHTO LRFD (2014) specifies the design methods for the beam ledges in Section 5.13.2.5.

Figure 2.2 shows potential cracks and their locations on the ledge of an inverted-T bent cap.
AASHTO LRFD (2014) indicates that the beam ledges must resist (a) flexure, shear, and
horizontal forces; (b) tension force in the supporting element; (c) punching shear at points of
loading; and (d) bearing force. The cracks specified in Figure 2.2 are referred to as “Ledge Shear
Friction and Ledge Flexure (1),” “Hanger (2),” “Punching Shear (3),” and “Bearing (4).”
Requirements to address the specific conditions of the inverted-T bent cap ledge component are
outlined in Articles 5.13.2.5.2 through 5.13.2.5.5.

2.3.1 Evaluation of Hanger Capacity

Hanger reinforcement must have sufficient capacity to transmit the vertical forces from the ledges
to the web. The hangers should resist tension forces at the location of Crack 2 in Figure 2.2. Hanger
capacity of the inverted-T bent caps is calculated and evaluated for both service limit state and
strength limit state.



—

[ TTTT]

© © (G
Lane Load = 0.64 KIf BEID o 1 ~us 1 D
l”/lllllllllllll/”l‘rlllllllllllllﬂl
|Rn

(a) Standard live load model

’ﬁ@\ 6
0 32 kip 32 kip
L 14 fi. L 141t
Lane Load = 0.64 kif ¥ ¥

I

Span Length

(c) Live load model for girder reaction

| TSI TSI

(b) Slab live load model

Span 1 Span 2
VLI VLI

i3

(d) Girder reactions

Figure 2.1. Live Load Models on Girder Used for the Computation of Girder Reaction.

~—

Dy

Figure 2.2. Notation and Potential Crack Locations for Ledge Beams (AASHTO, 2014).



The distribution width represents the length of the ledge considered capable of distributing
the concentrated load longitudinally among the hanger reinforcements along the web. The
longitudinal distance will be limited either by the longitudinal center-to-center girder spacing, S,
which is shown in Figure 2.3(a), or by the capacity of the ledge to distribute the applied force to
the hangers, also known as the flexural-shear resistance of the hangers. The latter is limited by the
concrete shear capacity combined with the tensile capacity of the hangers within the distribution
width of W+2ds, as shown in Figure 2.3(b). For the service limit state, the distribution width is
only S, which does not account for flexure-shear of the hanger, while the lesser of the capacity
with the distribution width of S or W+2ds is taken for the strength limit state.

c s s < c s s i
| | | ] ] |
| coss | s [ | cooswss | | wezg, |
(a) Shear distribution width (b) Flexural-shear distribution width

Figure 2.3. Parameters for Calculation of Hanger Capacity.

For the nominal shear resistance of the hanger at the service limit state, TXDOT uses 2/3f,,
from the study of Furlong and Mirza (1974) instead of 0.5f, from AASHTO LRFD (2014)

Equation 5.1.2.5.5-1 (TxDOT, 2015). Thus, for this research, hanger capacity at the service limit
state is the lesser of:

2
- Ahr(ngy) W+ 3a) (2.2)
2
. = Ahr(S§fy) ¢ (2.3)

where Anr = area of hanger reinforcement and s = spacing of hanger reinforcements.
For the strength limit state, the hanger capacity is the lesser of the following two AASHTO
LRFD (2014) equations:

- Ah;fy S (2.4)
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A"Srf Y (W + 2d;) (2.5)

Vi, = 0.063./fbsds +

where br = width of the bottom flange.
For exterior girders, to consider the limitation of the distribution width to the edge of the
cap, TXxDOT provides modified equations for the shear resistance of exterior hangers. The exterior

girder shear resistance for hanger at the service limit state is the lesser of:

2
Anr(3 1) (W + 3a 2.6
v, =3 ) (2.6)
S 2
w1 (s 27
hr\3 .
w230 “
For the strength limit state, the hanger resistance is taken as the lesser of the following two
equations:
Aprfy (S
b =22 (5+¢) &
A W +2d
V, = 0.063\/f/bsds + h;fy< > L +c> (2.9)

2.3.2 Evaluation of Ledge Shear Friction and Flexure Capacity

Figure 2.4 shows the reinforcement details of the inverted-T bent cap specified in AASHTO LRFD
(2014). The top layer of the ledge reinforcement (red) is defined as the primary tension
reinforcement, As, to sustain concurrent flexural-tension force at the face of the web. The
remainder of the ledge reinforcement (blue) is defined as the auxiliary reinforcement, An, which
only resists shear friction acting normal to the face of the web.

Nominal ledge shear friction (or interface shear) capacity for normal weight concrete is
obtained using Equations 5.13.2.4.2-1 and 5.13.2.4.2-2 from AASHTO LRFD (2014). The ledge
shear friction capacity is the lesser of:

V, = 0.2f/b,d, (2.10)
Cs, = min
V, = 0.8b,d, (2.11)
where f,' = specified concrete strength; bw = distribution width for the shear friction, as specified
in Figure 2.5(a); ¢ = distance from the center of the bearing pad to the end of the bent cap; W =

width of the bearing pad; S = girder spacing; ay = distance from the center of the bearing pad to
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the face of the web of the bent cap; and de = depth of the center of gravity of the negative flexural
reinforcements, as shown in Figure 2.4.

* The reinforcement of the ledge shall be designed to resist
shear friction and a simultaneous tension and moment.

_ _ A o ) . .

¥, - Girder Reaction E Pnrr?a.ry Tensllon Reinforcement
4, - Auxiliary Reinforcement

Nu - Concurrent Tension g e e u 4., - Shear Friction Reinforcement

Nu=02Vy

My - Concurrent Moment
x‘r:[u: av Vu+f\7u(.11 - de)

A - Primary Tension Reinforcement

Ny
e o

‘)Mu )
L\l e

\—A » - Auxiliary Reinforcement

Shear Friction
Reinforcement
A =As+ ::I.;,

v 1

Figure 2.4. Ledge Reinforcements and Notations.

Figure 2.5 shows the distribution width, bw, for shear friction. The AASHTO distribution
width of the concrete assumed to participate in the resistance to interface shear friction is the lesser
of S and (W+4ay) for interior girders. For exterior girders, a rational modification shown in
Figure 2.5(b) is proposed for identifying the ledge shear friction capacity of an inverted-T bent
cap: the lesser of S, c+S/2, (W+4a,), or c+(W+4a,)/2 as shown in Figure 2.5(b). This proposed
modification is based on test results reported by Hurlebaus et al. (2018b).

T T T S S
- - - o ! o

b= 2 | | wesa, | | wesa, | =] e J|'n;zgé].a'jlz | owesa | | wesa |
(a) AASHTO distribution widths (b) Proposed distribution widths

Figure 2.5. Parameters for Calculation of Ledge Shear Friction Capacity.
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The ledge must simultaneously resist a factored girder reaction force, Vy, a factored
concurrent horizontal tensile force, Ny, and a factored concurrent moment, My. The concurrent
horizontal tensile force is regarded as a live load (AASHTO, 2014) and determined by:

N, = 0.2V, (2.12)
The factored concurrent moment My is determined using:
M, = V,a,+ N,(h—d,) (2.13)
where h = depth of the ledge; and de = effective depth of the ledge from the extreme compression
fiber to the centroid of the tensile force Ny.

Based on Article 3.7.3.2 of AASHTO LRFD (2014), the nominal flexural resistance of the

ledge section should be taken as:

M, = Asfy (de =) (2.14)

where As = area of ledge flexure reinforcement specified in Figure 2.4; fy = yield stress of ledge
flexure reinforcement; and a = depth of the equivalent stress block.

The depth of the equivalent stress block, a, should take account the concurrent horizontal
axial tension, Ny, since it already exists. This axial force increases the depth of the equivalent stress

block, a, and decreases the ledge flexure capacity based on the equilibrium equation:

N
?" + Asfy = 0.85f/ab,, (2.15)

where bm = distribution width for ledge flexure and axial tension, as shown in Figure 2.6(a); and
as = distance from the center of the bearing pad to the center of the nearest stirrup.

Therefore, the depth of the equivalent stress block, a, with axial tension is obtained by:

N,
$u+Asfy

" 0.85fby

The AASHTO distribution width is taken as the lesser of S and (W+5ay) for interior girders.
A rational modification of the distribution width for exterior ledge flexure is proposed as the lesser
of S, ¢+S/2, (W+5as), and c+(W+5a5)/2, as shown in Figure 2.6(b). The proposed distribution

. (2.16)

widths are verified based on the test results presented by Hurlebaus et al. (2018b).
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Figure 2.6. Parameters for Calculation of Ledge Flexure with Axial Tension Capacity.

2.3.3 Evaluation of Punching Shear and Bearing Capacity

Punching failure can occur if the girder reactions are sufficient enough to punch out a truncated
pyramid of concrete beneath the bearing pad. The area of the truncated pyramid shown in
Figure 2.7 is approximated as the average of the perimeter of the bearing pad and the perimeter at
depth, dr, assuming 45-degree slopes in the Bridge Design Manual—LRFD (BDM-LRFD; TxDOT,
2015).

Based on the punching shear tests, the truncated pyramids were shaped with 35-degree
angles, which was the average of all the tests for both exterior and interior ledges as described by

Hurlebaus et al. (2018b). Therefore, the rational modified punching shear capacity equations are

proposed with the measured angle. Since TXDOT equations use a 45-degree slope for the area of
the truncated pyramid as the average of the perimeter of the bearing pad, the modified equations
are obtained by multiplying cot(35°) = 1.43 by ds for the perimeter as follows:

V, = 0.125\/f; (W + 2L + 2dcot(35°))ds (2.17a)
= 0.125/f/(W + 2L + 2.86d;)d; (2.17b)
w
V., = 0.125F (? + L + dy cot(35°) + c) d, (2.184)
w
=0125/f7 (5 + L+ 1.43d; + C) d; (2.18b)

where L = length of the bearing pad. For interior girder location, Equation (2.17a) is used. For
exterior girder location, the lesser of Equation (2.17a) or (2.18a) is used. When c is less than
W /2 + L + dg, Equation (2.18a) controls the punching shear capacity.

The ledge of the inverted-T bent cap should have sufficient bearing capacity to resist the

load on the bearing pad at the location of Crack 4 shown in Figure 2.2. The load on the bearing
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pad distributes along a truncated pyramid, as shown in Figure 2.8. The ledge of the bent cap should
have bearing resistance as described in Article 5.7.5 of AASHTO LRFD (2014). The bearing
capacity of the ledge can be obtained by:
V, = 0.85f/A,m (2.19)
where A; = area under bearing device; and m = modification factor, which is taken as the lesser of:
m=2;

1, (2.20)

where A, = projected bearing area, as shown in Figure 2.8, which is described in Article 5.7.5 of
AASHTO LRFD (2014).

Y
? 1
é w
R ik
Lo E a =
d; H&} ﬂ
(a) Plan view (b) Cross-section

Figure 2.7. Punching Shear Failure Surface.
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Figure 2.8. Truncated Pyramid for Bearing (TXxDOT, 2010).
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2.4 Bent Caps for Design Examples

To demonstrate implementation of the design procedures, two bent cap design scenarios are
considered:
e A double-column bent that has hanger, ledge flexure, and punching shear deficiencies

(Bent 13).

e Asingle-column bent that has critical deficiencies at the exterior girder locations (Bent 22).

Bent 13 is the typical asymmetric double-column bent analyzed by Hurlebaus et al.
(2018a). Deficiencies are provided in Table 2.1. Both exterior and interior girder locations have
hanger and punching shear deficiency, while ledge flexure deficiency is found only for the interior
girder location with increased traffic loads.

Bent 22 is a typical single-column bent analyzed by Hurlebaus et al. (2018a). Deficiencies
are provided in Table 2.2. Both exterior and interior girder locations have hanger deficiency. No
other deficiencies are present.

The details of capacity calculations for each bent are presented in Appendix B. For Bent 13,
all solutions except load-balancing PT (Solution 14) are designed to address the deficiencies, as
described in Appendix C. All six solutions are designed to provide sufficient strength for the

deficiencies in Bent 22, as presented in Appendix D.
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Table 2.1. Load Summary of Bent 13.

Failure . Capacit Demand Deficienc
vode | GirderNo | Y kiny) | D C (Kibs)
Ext. 1 198 247 76
Ext. 2 198 247 76
Int. 1 *
Hanger Int. 2 229 287 90
Int. 3 229 287 90
Int. 4 *
Int. 5 394 287 n/a
Ext. 1 599 247 n/a
Ext. 2 599 247 n/a
Ledge Int. 1 643 287 n/a
shear Int. 2 643 287 n/a
friction Int. 3 643 287 n/a
Int. 4 643 287 n/a
Int. 5 643 287 n/a
Ext. 1 297 247 n/a
Ext. 2 297 247 n/a
Ledge Int. 1 299 287 20
flexure Int. 2 299 287 20
Int. 3 299 287 20
Int. 4 299 287 20
Int. 5 299 287 20
Punching Ext. 261 247 13
shear Int. 345 287 n/a
Bearing Ext. 934 247 n/a
Int. 934 287 n/a

* Girder located over column; need for hanger reinforcement is bypassed.
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Table 2.2. Load Summary of Bent 22.

Failure . Capacit Demand Deficienc

Mode | CirderNo. | Tl D(kip$) | Dig-C (kips)
Ext. 1 214 207 16
Ext. 2 214 207 16
Int. 1 227 235 34
Hanger Int. 2 346 235 n/a
Int. 3 *
Int. 4 346 235 n/a
Int. 5 227 235 34
Ext. 1 575 207 n/a
Ext. 2 575 207 n/a
Ledge Int. 1 911 235 n/a
shear Int. 2 1129 235 n/a
friction Int. 3 1530 235 n/a
Int. 4 1129 235 n/a
Int. 5 911 235 n/a
Ext. 1 287 207 n/a
Ext. 2 287 207 n/a
Ledge Int. 1 480 235 n/a
flexure Int. 2 598 235 n/a
Int. 3 625 235 n/a
Int. 4 598 235 n/a
Int. 5 480 235 n/a
Punching Ext. 237 207 n/a
shear Int. 1 &5 494 235 n/a
Bearing Ext. 937 207 n/a
Int. 937 235 n/a

* Girder located over column; need for hanger reinforcement is bypassed.
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CHAPTER 3: SELECTION OF RETROFIT SOLUTION

In this chapter, recommendations are provided to guide engineers in selecting a retrofit solution to
use for strengthening in-service inverted-T bent caps. Three general selection criteria should be
considered: deficiencies addressed, obstacles, and costs. Here, a general discussion is provided for
selection of the six retrofit solutions addressed in this report: end-region stiffener (Solution 3),
clamped threadbar with channel (Solution 8), load-balancing PT (Solution 14), concrete infill with
partial- and full-depth FRP anchored by steel waling (Solutions 16 and 17), and large bearing pad
(Solution 18). Full details on all selection criteria, application to 18 retrofit solutions, and

demonstration of a method for ranking solutions are provided by Hurlebaus et al. (2018a).

3.1 Deficiency Type and Location

The key selection criterion for retrofit solutions is the ability to effectively strengthen all
deficiencies. While it is necessary to check all failure modes at all girders, deficiencies are most
likely to be found in the hanger capacity, ledge flexure capacity, and/or punching shear capacity.

Table 3.1 indicates the failure mode and girder locations strengthened by each solution.

Table 3.1. Deficiencies Addressed by Retrofit Solution.

. Girder
Solution Description of Failure Mode Strengthened Locations
No. Retrofit Solution Hanger Ledge Punching Ext. Int.
Flexure Shear
3 End-region stiffener X X X X
8 Cl_amped threadbar X X X X X
with channel
14 Load-balancing PT X X X X X
Concrete infill with
partial-depth FRP
16 anchored by steel X X X X
waling
Concrete infill with
full-depth FRP
17 anchored by steel X X X X X
waling
18 Large bearing pad X X X
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If deficiencies are restricted to the ledge (ledge shear friction, ledge flexure, and/or
punching shear deficiency), recommended solutions are large bearing pad (Solution 18),
partial-depth FRP (Solution 16), and load-balancing PT (Solution 14). Solution 18 only addresses
punching shear deficiency.

If ledge and hanger deficiencies are present, all solutions except Solution 16 and 18 are
viable. If the hanger deficiency is dominant, the recommended solutions are clamped threadbar
(Solution 8), full-depth FRP (Solution 17), and end-region stiffener (Solution 3) since ledge
strengthening is secondary for these solutions.

Although Solution 3 is only applicable for exterior girders, it may be useful in combination
with other solutions. Most solutions considered address deficiencies at individual girder locations.
If deficiencies are identified at many girders, Solution 14 may be an attractive option because it
provides an alternative load path, effectively reducing the demand on the ledges at all locations.

3.2 Obstacles

Selection of a solution to use will ultimately by affected by obstacles encountered in implementing
the solution and the potential obstacles introduced by the solution. Table 3.2 lists the obstacles that

affect selecting retrofit solutions and their level for each subcategory.

Table 3.2. Obstacles to Consider in Selection of Retrofit Solution.

Solution Accessibility Web Clearance | Reinforcement | Reduced
No. Needed Risk Clearance

3 Ends No High No

8 Above & below No High Yes

14 Ends & below Yes Low No

16 Below No Low No

17 Below Yes Low No

18 Below No None No

Installation of a solution requires access to the bent cap that may be affected by adjacent
structural components and/or roadways. The second column of Table 3.2 indicates the access
required to install retrofit components.

While all solutions require access from below, only Solution 8 requires top access that
would require lane closure. Implementation of Solutions 3, 16, and 17 at the exterior girder would

require access from the end, while accessibility to the end is required to implement the anchor
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plates for Solution 14 at any location. The third column of Table 3.2 indicates solutions that require
a minimum clearance adjacent to the web. Bridges with diaphragms between girders may prohibit
installation of full-depth FRP (Solution 17). Load-balancing PT (Solution 14) is not practical when
the clearance between the web and the girder ends cannot accommodate the required amount of
prestressing.

Many solutions require drilling holes to install anchors or threadbars; therefore, potential
risk of encountering internal reinforcement must be considered. The fourth column of Table 3.2
indicates this risk level.

Finally, protrusion of retrofit components may reduce clearance below the bent cap. Of the
six solutions considered here, clearance reduction is minor for all but Solution 8, which has a

reduction equal to the channel depth.

3.3 Costs

Costs, both initial and life cycle, are another driving factor in selection of retrofit solution.
Table 3.3 lists the obstacles that affect selecting retrofit solutions and their level for each
subcategory.

Initial costs include the construction and lane closure costs. Although construction costs
(materials, equipment, and labor) will be dependent on individual project characteristics, the cost
estimates of preliminary designs (Hurlebaus et al., 2018a) are shown in the second column of
Table 3.3 to provide guidance. In addition to construction costs, initial costs can be considered to
include the indirect costs of lane closure. The third column of Table 3.3 indicates the need for no,
minor, or major lane closures below and above, with major closures considered to be seven days
or longer.

While difference in initial costs of some solutions may be significant, it is important to
consider the full life-cycle costs of each solution. The fourth column of Table 3.3 indicates the
lowest level inspection methods required to adequately assess the condition of each retrofit. The
final column indicates the primary durability concern that may impact the service life of the
retrofit.
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Table 3.3. Costs to Consider in Selection of Retrofit Solution.

Solution | Constructio Lane Closure Ease of Monitoring Durability
No. n Costs
3 $10K Below (minor) | Visual inspection using a lift gggg%sc:?nné
8 $19K izl(;)\\/’; Em‘;}gg Borescope testing Corrosion
14 $24K E\ebl(;)\\/’; Em:ggg Visual inspection using a lift | Corrosion
16 $35K Below (major) Borescope testing Debonding
| s | rting | Detoning
18 $6K if)l:\\/z Em:?\gg Visual inspection using a lift None
3.4 Closure

Retrofit selection should be based primarily on the deficiencies of in-service inverted-T bent caps,
with additional consideration for obstacles to implementation, initial costs, and life-cycle costs.
Ultimately, selection will depend on the unique characteristics of a project (bent configuration,
location, and bridge purpose), typical practices of local jurisdictions, and importance assigned to
each selection criterion. Expanded details on all selection criteria, application to a wider range of
retrofit solutions, and an example of a methodology to select appropriate solutions are provided
by Hurlebaus et al. (2018a).

22



CHAPTER 4: END-REGION STIFFENER (SOLUTION 3)

The end-region stiffener retrofit solution (Solution 3) is designed to increase hanger, ledge flexure,
and punching shear capacity at the end region of the inverted-T bent cap. Figure 4.1 shows a
schematic overview of the solution with load paths.

As described by Hurlebaus et al. (2018b), the end region of an inverted-T bent cap with
this solution failed because of stress exceedance at the strut-to-node interface. This is because the
end plate could not resist the concentrated node stress at the bottom tip of the plates. The proposed
design procedure incorporates detailing recommendations to avoid such as failure.

—><€— Tension
<€—> Compression

~
-

e
Y

=
~Web anchors

/‘,,,' 79 ////// End plate

"\ \Trfangufarsnffener
End plate

(a) End face (b) Side elevation

Figure 4.1. Components and Load Path for End-Region Stiffener.

4.1 Design Procedures
The required design procedure for the end-region stiffener are detailed below. An in-depth
explanation is presented in the following subsections:

e Step 1: Specify anchors (web and ledge).

o Step 2: Design steel plate.
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4.1.1 Step 1: Specify Anchors

The required strengths for the anchors are obtained using the relevant strength reduction factor for
concrete at the anchorage zone. Based on the required strength, the type of anchor can be selected.
In general, adhesive anchors, such as epoxy anchors, provide relatively high shear strength with
longer embedded depth compared to mechanical anchors. Thus, use of adhesive anchors is
recommended to anchor the end plate.

As shown in Figure 4.1(a), the anchors are categorized in two groups (web and ledge) for
design purposes. In the following subsection, the design procedure of each anchor group is

described.

4.1.1.1 Web Anchors

Web anchors (green circle in Figure 4.1[a]) must provide shear capacity greater than or equal to
the hanger deficiency. Anchors must be designed for minimum steel strength, concrete breakout
strength, and concrete pryout strength based on ACI 318-14 (ACI Committee 318, 2014). Bond
strength of the anchors is not considered when the anchors are under shear. Generally, the anchor
shear strength will control the design strength, in which case the number and type of anchors
should be selected based on:

Vo = 0.6f,Apny, > Vi req (4.1)
where fy = ultimate strength of the anchor steel; A, = net area of the anchor; nw = number of web
anchors; and Vh req = hanger deficiency.

The anchor layout is determined based on minimum spacing of anchors, minimum edge
distance of anchors, and existing reinforcement in the bent cap as follows:
Smin = 6dg 4.2)
Cmin = max(1.5,6d,) (4.3)
where Smin = minimum spacing of anchors; da = anchor diameter; and cmin = minimum edge

distance.

4.1.1.2 Ledge Anchors

The ledge anchors (purple circle in Figure 4.1[a]) should be designed to resist deficient ledge
capacity: ledge shear friction, ledge flexure, and/or punching shear. Since the anchors are under a

combination of shear and tension, the design strength of the anchors is minimum steel strength,
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concrete breakout strength, bond strength (only for adhesive anchors), and concrete pryout strength
based on ACI 318-14 (ACI Committee 318, 2014). To anchor efficiently, the number of anchors
should be a minimum of three, and they should be anchored at the bottom kern point of the ledge.

To avoid the strut-and-tie node failures observed in laboratory tests (Hurlebaus et al.,
2018b), ledge anchors should be anchored beyond the region of significant ledge damage beneath
the bearing pad. The full embedded depth of the ledge anchors, de, as shown in Figure 4.2, is
calculated as:

74
de > c+—+h+he (4.4)

where de = embedded depth of ledge anchor; ¢ = distance from the center of the bearing pad to the
end of the bent cap; W = width of the bearing pad; h = ledge height; and het = minimum effective
embedded depth specified by the manufacturer.

v N

Wi2
‘—" c+W/2+h _J_hef

Figure 4.2. Details of Ledge for End-Region Stiffener.

For calculating the ledge anchor capacity, only the length hes beyond the region of
significant damage is used. Similar to the web anchors, the shear strength of the steel anchors is
less than other strengths, and the type of anchor should be chosen based on the shear strength of
steel for the anchor. However, using anchors with a smaller diameter than the web anchors is

recommended since an anchor hole for a ledge anchor is deeper than a hole for a web anchor.
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Since the ledge anchors resist both shear and tension force, the capacity for interaction of

shear and tension should be checked by:

(¢1\1]\L/ln>c + (;;l)g <1.0 (4.5)

where Ny and Vy = required tension and shear force, respectively; ¢Nn and ¢V = tension and shear

design strength of anchor, respectively; and ¢ = 0.6.

4.1.2 Step 2: Design Steel Plate

As shown in Figure 4.1(b), the steel plate is fabricated in the shape of the cross-section. The bottom
length of the steel plate, the extension underneath the bent, should have sufficient length, which
must be longer than the projected one-half of the bearing length in 45 degrees (shaded area in
Figure 4.2) to provide sufficient resistance to node stress.

A maximum thickness of 1 in. is recommended to permit bending at the bottom and to
ensure the weight is manageable for installation. If the minimum required thickness is larger than
1in., extra bearing plates are required on the anchors. The minimum required thickness of the plate
is primarily controlled by shear and axial bearing force of the anchors (AISC, 2010):

Vu
s,bearing = p24d,F,
abearing = ﬁ

t (4.6)

t 4.7)

Where tgpearing aNd tgpearing = Minimum thickness for shear and axial bearing strength,

respectively; ¢ = strength reduction factor for LRFD; d;, = diameter of the bolt; and f,, = ultimate
strength of the plate.

To avoid stress exceedance at the strut-to-node interface, triangular stiffeners (shown in
Figure 4.1[a]) are recommended. The triangular stiffener can be designed using “Design Aid for
Triangular Bracket Plates Using AISC Specifications” (Shakya and Vinnakota, 2008) to select the
aspect ratio of the stiffener (ratio of the height, a, to the width, b), the required strength, and the
minimum thickness of the plate. Shakya and Vinnakota (2008) provided tables to determine the
minimum ratio of the thickness to the width based on steel yield strength, Fy. The triangular
stiffeners should be attached by welds designed based on AISC (2010) specifications.
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4.2 Discussion of Design Example

An end-region stiffener is an effective retrofit to increase hanger, ledge flexure, and punching shear
capacities at an exterior girder seating region. Since both the double- and single-column bents
described in Chapter 2 have deficiencies at the exterior girder, this solution is developed for both
bent types; the design calculations are presented in Section B.1 and C.1 of the appendices,
respectively. Figure 4.3 shows the details of the end-region stiffener for the example bents.
Table 4.1 summarizes the increased capacity at the exterior girders.

A sample Williams epoxy anchor, composed of an All-threadbar and Ultrabond adhesive,
is used to develop the design example. The epoxy is designed for heavy anchoring with the
maximum in-sevice temperature of 134°F and 1.64 ksi bond strength for a 14-day cure.

For the double-column bent, the hanger deficiency is the largest. However, ledge and
punching shear deficiencies also exist. To provide the required increase in the hanger capacity,
five 1 in. diameter 150 ksi threadbars are used. The anchor selection is controlled by the ledge
flexure deficiency. The smallest diameter holes are desired to avoid conflict with internal
reinforcement, leading to three 0.625 in. diameter B7 threadbars. Design of the plate thickness is
controlled by shear capacity of the web anchors, requiring selection of a 0.75 in. thick plate. Use
of a 10.5 in. bottom extension with 0.5 in. stiffener is determined by the geometry of the ledge and
the location of the bearing pad. The solution designed for the double-column bent increases the
capacity of the bent by 40 percent, with the overstrength factor increase from 0.72 to 1.12.

The single-column bent largest deficiency is hanger (smaller than the double-column bent),
with a small punching shear deficiency also present at the anchorage zone. To provide the required
increase in the hanger capacity, four 0.875 in. diameter B7 thread rods are used. Ledge anchor
selection, controlled by the punching shear deficiency, is three 0.5 in diameter B7 thread rods.
Design of the plate thickness is controlled by bearing capacity of the plate for the web anchors,
leading to selection of a 1 in. thick plate. Use of a 10.5 in. bottom extension with 0.5 in. stiffener
is determined by the geometry of the ledge and the location of the bearing pad. The solution
provides an 11 percent increase in hanger capacity. The overstrength factor is increased from 0.93

to 1.04.
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Figure 4.3. Details of End-Region Stiffener for Design Examples.
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Table 4.1. Capacity Increase from End-Region Stiffener Retrofit.

Capacit Demand | Overstrength Factor
Bent Type ¢Cp(kip3/ D (kip) ¢ch
Double Original 178 247 0.72
Column Retrofitted 276 1.12
Single Original 193 207 0.93
Column Retrofitted 216 1.04

Note: ¢ = strength reduction factor, 0.9.

4.3 Limitations and Recommendations for Construction

Since the steel plate is attached on the end face of the bent caps, the end face must be accessible
to drill the holes and to anchor the steel plate. Potential accessibility challenges are (a) adjacent
structures such as those at the north end of the elevated lanes of IH 35 in Austin, Texas; and
(b) adjacent traffic for which lane closure would have a serious impact on the traveling public.
Additional details are documented by Hurlebaus et al. (2018a).

To place the end plate, the end surface of the bent needs to be cleared. In addition, covering
the surface with a grout that allows application on a vertical surface to fill the gap between the
plate and the end surface is recommended. The end plate needs to be placed immediately following
application of the grout. Thus, the end plate should be lifted and ready to install before finishing
grouting the end surface. The anchors must be fastened before the grout is completely hardened to
anchor the plate effectively.

Since there are several layers of ledge reinforcement, using a rebar indicator prior to
deciding anchor hole locations on the ledge to avoid the existing ledge reinforcement is
recommended. This is because drilling through a rebar is time consuming and not efficient in both
structural behavior and constructability. If there is no sufficient gap between the adjacent ledge
reinforcement so that a hole for an anchor needs to be drilled through a ledge reinforcement, the
engineers may need to decide the anchor locations that can minimize the damage on the ledge
reinforcement.

Adhesive anchors require time to harden, as specified by the anchor manufacturer. Thus,

the end plate needs to be implemented after the anchors are fully cured.
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CHAPTER 5: CLAMPED THREADBAR WITH CHANNEL (SOLUTION 8)

Figure 5.1 shows the retrofit solution using long threadbars embedded in the web of the inverted-T
bent cap that may be deficient in hanger capacity. If ledge deficiencies need to be addressed, steel
channels can be used. Since threadbars within the web act as hanger reinforcement, this solution
transfers the loads from the ledge into the web via a set of threadbars, while steel channels resist
ledge shear friction and flexural forces that are generated by the girders. The threadbars are torqued

to induce prestress so that the prestressing force should inhibit cracking in the web and ledges.

—><€— Tension

I
€—> Compression Internal

Anchorage

—— Threadbar

~———Steel Channel .
(a) Cross section (b) Side elevation

Figure 5.1. Overview of Clamped Threadbar with Steel Channel to
Transfer Loads into Web.

5.1 Design Procedures
The required steps for designing a clamped threadbar with steel channel are detailed below. An
in-depth explanation is presented in the following subsections:

e Step 1: Specify hanger threadbar.

e Step 2: Design bearing plate.

e Step 3: Specify steel channel (if necessary).
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5.1.1 Step 1: Specify Hanger Threadbar

The threadbars anchored at the web must have sufficient strength to transfer the loads from the
ledge into the web. Thus, the required strength of a hanger threadbar is the calculated hanger
deficiency. Use of a high-strength threadbar with 150 ksi ultimate strength is recommended as the
hanger threadbar because it allows for prestressing. With the required strength and known yield

strength of the threadbar, Fy, the required area of the threadbar, A,..4, can be obtained by:

Vh,req

E

Areq = (5.1)

where V}, ., = hanger deficiency.

The minimum number of threadbars can be calculated from the known area of a chosen
threadbar. While increasing the bar size, the number of bars can be reduced, but increased difficulty
in boring holes results. If threadbars cannot be placed within the center of the web, an even number
of threadbars is required to avoid an uneven contribution of bars on each side of the web.

To increase hanger capacity only, threadbars need to be placed as close to the center of the
girder location as possible. If the solution is used with channels to increase punching shear
capacity, placement of hangers must consider expected failure plane in the ledge.

5.1.2 Step 2: Design Bearing Plate

Since the threadbar is torqued when it is installed, the bearing plate must be able to resist bearing
force due to prestressing. Use of a hex nut is recommended along with a washer and bearing plate.
Dimensions for the washer and hex nut are generally provided by the threadbar manufacturer. The
size of the bearing plate must be determined by the required bearing area and thickness. The
required thickness of the bearing plate can be determined by Equation (4.7), with the required
bearing area given by:
Apreq 2 L,
¢$.0.85f

where Py, = prestressing force induced at the installation in kip; ¢¢ = strength reduction factor for

(5.2)

LRFD, 0.65; and f’c = specified concrete strength in ksi.
While a square or circular plate is recommended, a rectangular plate may be used to avoid

interference with existing reinforcement in the deck slab region (see Figure 5.1[a]).
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5.1.3 Step 3: Specify Steel Channel

If ledge deficiencies are present, channels should be incorporated into the retrofit solution. To
ensure the proper flow of forces (shown in Figure 5.1[b]), channels must be located at the location
of the hanger threadbar.

The channels are placed to bend about the minor axis; thus, a compactness check is required
(see AISC Specification Table B4.1b [2010]). Since the width-to-thickness ratio of MC type
channels is less than the limit state of compact/noncompact, MC channels are designated as
compact sections. For the channel with a compact section, yielding controls the capacity of the
channel since no flange or web local buckling is expected. Thus, the channel will be primarily
selected based on the web thickness, which must meet the thickness requirements obtained using
Equation (4.7).

The channel should also have greater section modulus than the required section modulus.
The required elastic and plastic section moduli about the minor axis are calculated based on the

required flexural strength, which is the ledge flexure deficiency:

Md/nc
Sy req = —2—< (5.3)
YTeq =1 6F,
Mg;/n
Zyreq = % (5.4)
y

where M, = ledge flexure deficiency; nc = number of channels; E, = yield strength of the steel
channel in ksi; Z,, ., = required plastic modulus of the channel section; and S,, .., = required
elastic modulus of the section.

The maximum of the required elastic or plastic section modulus governs the channel

selection.

5.2 Discussion of Design Example

The retrofit solution is developed for the double- and single-column bent caps (Bent 13 and
Bent 22) in Section B.2 and C.2 of the appendices, respectively. Table 5.1 provides the capacity
increase of the bent caps for design examples under ultimate load. For hanger capacity increase, a
high-strength threadbar is used, and a standard steel channel is used to increase ledge flexure

capacity. Figure 5.2 shows the details of the clamped threadbar with channel for example bents.
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The double-column bent example maximum deficiency is the hanger capacity. To increase
hanger capacity, two 1 in. 150 ksi high-strength threadbars are used for both interior and exterior.
The alignment of the threadbars is staggered to avoid clashing with the longitudinal reinforcing
bars. To increase ledge flexure capacity, two C 10 x 30 steel channels are used at interior girders,
while no channels are needed for the exterior portion of the cap since there is no ledge flexure
deficiency. The internal anchors at the top for the threadbars consist of a 5in. x 8 in. x 0.75 in.
rectangular plate with washer and hex nut as specified by the manufacturer.

For the single-column bent that only has hanger deficiencies at both interior and exterior
girders, B7 threadbars are used. To avoid interference with the longitudinal reinforcement, an even
number of threadbars is required. This results in use of different diameters for the threadbars at
exterior and interior girders. Two 0.625 in. and two 0.75 in. threadbars are used without steel
channels for exterior and interior girders, respectively. For the internal anchorage, a 4 in. X 4 in. x
0.375 in. square bearing plate with hex nut and washer is used as specified by the manufacturer.
Since the single-column bent has the ledge with tapered section, the hillside washer must be used
at the bottom of the bent to clamp the threadbars instead of a regular washer. Based on the
overstrength factor, the solution for the single-column bent increases 8 percent and 13 percent of

the hanger capacities for the exterior and interior girder locations of the bents, respectively.

Table 5.1. Capacity Increase from Clamped Threadbar Retrofit.

Bent Type Gird_er Capagity Dema_md Overstrength Factor
Location ¢C (Kip) D (kip) ¢C/D

Double | ZXterior R(ztrrigfiirl{tﬂd gg 241 %S

e I i —

Single Exterior R(;trrigfiirl{tﬂd ;gg 207 ggi

TN wnterior | pfived | 209 | 2% 100

Note: ¢ = strength reduction factor, 0.9.
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Figure 5.2. Details of Clamped Threadbar with Channel for Design Examples.
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5.3 Limitations and Recommendations for Construction

To attach a steel channel at the bottom, the underneath of the bent cap should be accessible, while
accessibility to the deck slab is required to drill the holes for the threadbars. This may require both
above and below lane closure. In addition to lane closure, the clearance below the bent caps has a
reduction equal to the channel depth, and the clearance adequacy should be checked prior to
construction.

To avoid internal reinforcement, especially existing hanger reinforcement, use of a rebar
detector is recommended to design the location of the threadbars. Since spacing of hanger
reinforcement is generally larger than the hole size for the threadbar, it is possible to avoid hanger
reinforcement while boring through the web.

The threadbars are placed by boring holes from the deck slab downward; this permits the
use of water-lubricated diamond core bits, if preferred. Drilling a large diameter recess hole first
(approximately 8 in. in diameter) through the deck slab, and then a small diameter hole sufficient
to pass the threadbar, is recommended. The bar is placed, and the upper anchorage is essentially a
nut, a washer, and a bearing plate. Once complete, the upper recess hole is filled with
grout/concrete.

The channel (with predrilled hole) needs to be secured to the bottom surface, and putting
in the grout before placing the channel is recommended. If grout is used, the threadbar needs to be
fastened within the allowable working time for the grout. A curing time for the grout is required
before fully reopening the bridge for all traffic.
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CHAPTER 6: LOAD-BALANCING PT (SOLUTION 14)

The load-balancing prestressed solution (Solution 14) uses a PT system that strengthens the entire
inverted-T bent at once. PT strands are installed as close as possible to the web and anchored at
the end of the bent cap with an end-region anchor plate. The PT strands address the deficiencies
of the bent cap by providing upward forces, lifting the cantilever parts (Figure 6.1[a]), and
transferring the loads from the girder to the column through the concrete saddles. For double-
column bents, the PT strands pass beneath the interior girders to increase capacities at the interior
girder locations by transferring the interior girder loads to concrete saddles on both columns
(Figure 6.1[b]). Concrete saddles lightly reinforced with the minimum steel are placed at the

column to ensure the effective inclination angle of the PT bars.

6.1 Design Procedures
The required procedure for designing load-balancing PT are detailed below. An in-depth
explanation is presented in the following subsections:

e Step 1: Specify strand.

e Step 2: Design end-region anchor system.

e Step 3: Design beveled plate.

6.1.1 Step 1: Specify Strand

The strands should be designed to resist the maximum force demand at the exterior and interior

parts. The required strength of the strand can be obtained from geometry:
Va

-_a 6.1
~ sin(a) (61)

F;'eq

where F = required tension force of PT strands; V,; = required supplemental load capacity, which
is the maximum deficiency; and @ = tan~1(h/L), which is the angle of the PT bars, where h and

L are described in Figure 6.1.
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Figure 6.1. Load-Balancing PT System to Overcome Predominant Deficiency of the Bent.
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The strength of the PT strand at the service limit state must be greater than the required
strength of the strand, Freq. The strength of the PT strands at service limit state after losses can be

obtained by:
Pre = fpeApt 2 Freq (6.2)
where A, = cross-section area of PT strand; f,,. = 0.8f,,, = stress at service limit state after losses

(AASHTO, 2014); f,y < 0.85f,, =Yyield stress of PT strand (AASHTO, 2014); and f,, =

ultimate stress of PT strand in ksi.

6.1.2 Step 2: Design End-Region Anchor System

To properly anchor the PT strands, an end-region anchorage system (anchor head, end-region
anchor plate, and beveled plate) is required, as shown in Figure 6.2. Generally, an anchor head to
anchor the strands is provided by the PT strand manufacturer. The end-region anchor plate and the
beveled plate need to be customized and designed for the bearing forces and inclination angle.
The end-region anchor plate needs to be an L-shape. This shape can be formed by either
bending a plate or welding two plates. The anchor plate thickness and plate dimensions must meet
the required bearing thickness calculated by Equations (4.6) and (4.7) as well as the bearing area
obtained by Equation (5.2). To resist bending due to the prestressing force, triangular stiffeners
must be attached to the anchor plate, as shown in Figure 6.2, and designed in accordance with the

AISC (2010) specification along with welding details.

6.1.3 Step 3: Design Beveled Plate

The beveled plate to anchor the strands with an angle must be designed for the angle defined for
PT strands in Step 1. The minimum thickness of the beveled plate must be larger than the required
bearing thickness as determined by Equations (4.6) and (4.7). (Note: Square is easier to

manufacture.)
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Figure 6.2. Details of Anchor System.

6.2 Discussion of Design Example

The design examples for double- and single-column bents are presented in Section B.3 and C.3 in
the appendices, respectively. In Section B.3, a design example is provided for the double-column
bent (Bent 13) to illustrate the design concept, however the solution is invalid for field
implementation as the bent cap configuration cannot provide the minimum radius for PT strands.
For the single-column bent, the solution is fully designed, and the example is provided in
Section C.3. Figure 6.3 shows the design example for Bent 22.

Table 6.1 provides the capacity increase of the single-column bent with the developed
design example under ultimate load. Since this solution is determined to be not applicable for
Bent 13, the increased capacity with this solution is not provided.

For the single-column bent, four 0.6 in. diameter PT strands are used on each side of the
bent cap with an inclination angle of 13 degrees. The greased and sheathed strand manufactured
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by VSL can be used for this case. Concrete saddles are located on both sides of the center girder,
as shown in Figure 6.3(a). The radius of the strands is 22 ft 4-3/4 in., which is larger than the
manufacturer’s minimum radius of 9.8 ft (provided by VSL). Anchorage (or anchor head) can be
chosen from among several types of anchorages for four of the 0.6 in. strands. A 0.5 in. thick
anchor plate is used for each end, with a 13-degree angle for the beveled plates. The beveled plate
is designed to have the minimum thickness of 0.5 in. and outer diameter of 10.5 in. With the
solution designed for the single-column bent, the hanger capacity is increased by 16 percent and
40 percent for exterior and interior girders, respectively.
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Figure 6.3. Design Example for Single-Column Bent.
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Table 6.1. Capacity Increase from Load-Balancing PT Retrofit.

. . Capacity Demand | Overstrength Factor

Girder Location 4C (Kip) D (kip) #CID
Original 193 0.93

Exterior 207
Retrofitted 226 1.09
Original 204 0.87

Interior : 235
Retrofitted 334 1.27

Note: ¢ = strength reduction factor, 0.9.

6.3 Limitations and Recommendations for Construction

To implement the PT solution, there must be a sufficient gap between the girder ends and the web
of the bent caps since the solution is designed to place PT strands within that gap. If the gap is
satisfactory for the PT strands, the adjacent structures can be the major concern because this
solution requires accessibility to the end face to install the end-region anchor system.

First, to anchor the end-region anchor plate, the holes for mechanical anchors need to be
drilled on the end surface of the bent, and the anchor plate is placed with grout. Then, the PT
strands are properly placed with anchor heads and prestressed. These procedures require at least
5 ft space at the end region, especially to induce prestressing force using a jacking machine.
However, as noted by Hurlebaus et al. (2018a), some bents for the main and thruway lanes are
adjacent to each other and access to the end surface of the bents are not possible. The solution is
not applicable for these bent caps.

For a double-column bent with deficiencies at the interior girder locations, the PT strands
need to be placed beneath the interior girders to increase bent cap capacities. Since the PT strands
must meet the minimum bend radius specified by the manufacturer to avoid damage on the strands,
the bent cap and girder configuration must be able to provide proper angle of inclination, with a
greater bend radius for the PT strands than the required radius.

The use of unbonded sheathed strands, which permit the PT to be applied within the
confines of the restricted space, is recommended. For the end-region anchor plate, welding the
anchor plate and beveled plate together before placing the PT strands is recommended to avoid

kinks at the end region.
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CHAPTER 7: CONCRETE INFILL WITH PARTIAL-DEPTH FRP
ANCHORED BY STEEL WALING (SOLUTION 16)

The partial-depth FRP solution (Solution 16) utilizes an FRP to increase ledge and punching shear
capacities. Infill concrete between the girders creates a rectangular cross-section to minimize FRP
bends. Threadbars are used to connect the web and infill concrete and to provide a location for
attachment of a waling used to hold the FRP in place. The solution is intended for an inverted-T
bent cap with diaphragms between girders, which limits the height of infill concrete and FRP.
Since partial-depth infill concrete and FRP is not able to transfer girder load back to the top tension

chord, the solution is not applicable for hanger deficiency.

7.1 Design Procedures
The required steps for designing the partial-depth FRP retrofit are listed below, and an in-depth
explanation is presented in the following subsections:

e Step 1: Design FRP composite.

e Step 2: Design threadbar and infill concrete reinforcement.

o Step 3: Design steel waling.

7.1.1 Step 1: Design FRP Composite

The FRP wrap is primarily designed for shear as specified by ACI 440.2R (ACI Committee 440,
2008). The code gives an estimation for the shear contribution of the FRP for a general case in
which an even spacing of narrow FRP strips is used. For the inverted-T bent cap, continuous FRP
strips are used on either side of the girder. Therefore, a modified equation is used to estimate the

shear contribution of the FRP:
Vi = Appfre (7.1)
where Ag,, = area of FRP strip; and f;, = tensile stress in the FRP strip.
The area of FRP, A, is:
Apy = ntpwy (7.2)
where n = number of FRP layers; ¢, = thickness of FRP composite; and wy = width of FRP strip.
The tensile stress in the FRP, f;., is directly proportional to the level of strain that can be
developed in the FRP strip at nominal strength:
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ffe = &rokEf (7.3)
where &, = effective strain in FRP; and Ef = tensile modulus of FRP.

In the code equations, wy is the width of a single FRP strip placed evenly throughout the
beam. In the current case, it is defined as the effective width of the FRP that is engaged in
transferring the girder load to the web. FRP strips are attached only between the girders; therefore,
the effective width is calculated by subtracting from the distribution width the bottom width of the
girder and the thickness of the debonding foam sheet between the infill concrete and the face of
the girder. The effective strain of FRP, ¢, is taken as 0.004 since the ends of the FRP strips are

anchored by the steel waling.

7.1.2 Step 2: Design Threadbar and Infill Concrete Reinforcement

Threadbars are provided to resist the required shear demand. The design shear strength of the
threadbar is 60 percent of the ultimate strength.

Since the infill concrete is not loaded with significant force, minimum reinforcement based
on ACI318-14 (ACI Committee 318, 2014) is provided. Transverse and longitudinal
reinforcements are provided to meet the requirement. Transverse reinforcement is arranged to
avoid interference with the threadbars.

7.1.3 Step 3: Design Steel Waling

The size of the steel waling is determined to ensure sufficient bond strength can be developed
between the waling and the FRP strip. It may vary based on the bond strength of the resin that is
used for the FRP composite. The length of the steel waling should be equal to the length of the
concrete infill. The thickness of the steel waling is designed based on shear bearing at the
connection with the threadbars:
Vu
thearing = PLBd, T, (7.4)

7.2 Discussion of Design Example

The retrofit is developed only for the typical twin-column bent cap; the solution is not applicable
to the single-column bent, which is only deficient in hanger. Figure 7.1 shows the design details.
Table 7.1 provides the capacity increase of the double-column bent cap with the developed design
example under ultimate load demand. A sample FRP composite with tensile modulus of 33,000 ksi
and thickness of 0.013 in. is used to develop the design example.
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Figure 7.1. Partial-Depth FRP Design Example for Double-Column Bent.
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For the exterior, a single layer of FRP is used with a 64 in. x 4 in. x 0.75 in. steel waling
held by three 1 in. diameter B7 Grade threadbars (125 ksi). The solution increases the strength by
67 percent. The overstrength factor is increased to 1.21 from 0.07.

For the interior, a single layer of FRP is used with a 63 in. x 4 in. steel waling held by three
1 in. diameter threadbars. The interior is critical in punching shear and is improved by 45 percent
with the developed retrofit. The overstrength factor is increased to 1.04 from 0.72. It should be

noted that the interior portion of the double-column bent cap still has deficient hanger capacity.

Table 7.1. Capacity Increase from Partial-Depth FRP Retrofit for
Double-Column Bent Cap.

Girder Capacity Demand | Overstrength Factor
Location ¢C (Kip) D (kip) ¢C/D
. Original 178 0.72
EXIerion ™ Retrofitted | 298 241 1.21
. Original 206 0.72
Interior Retrofitted | 299" 287 1.04

Note: ¢ = strength reduction factor, 0.9.
* Punching shear capacity after retrofit.

7.3 Limitations and Recommendations for Construction

Holes for the threadbars must be drilled prior to casting infill concrete. To avoid internal
reinforcement, especially the hanger reinforcement, use of a rebar detector is recommended to
identify the location of the threadbars. The outside threadbars need to be sufficiently away from
the girder to ensure a workable space for drilling.

To fill the gap between the girders with concrete, formworks and rebar cages for the infill
concrete need to be constructed prior to the concrete pour. The dimensions need to be determined
based on the actual geometry of the structure. The reinforcement for the infill concrete needs to be
designed to avoid the threadbars. Determining the location of the holes on the formworks after
placing the threadbars is recommended.

Pouring concrete could be a challenge due to limited space, and the lane below may need
to be closed. Infill concrete does not need to be fully cured before the next operation step. Seven

days curing time may be enough for the infill concrete to operate the surface treatment for the FRP.
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Prior to placing the FRP, the substrate must be properly prepared to meet the requirement
specified by the manufacturer. Sharp corners must be rounded to avoid stress concentration on the
FRP strips. FRP composites generally consist of several components, with a specified duration
between applications of each component. High temperature will reduce the working time
substantially. Therefore, the working time for the FRP composite application should be arranged

in advance.
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CHAPTER 8: CONCRETE INFILL WITH FULL-DEPTH FRP
ANCHORED BY STEEL WALING (SOLUTION 17)

The full-depth FRP solution (Solution 17) utilizes FRP to increase hanger, ledge, and punching
shear capacities. Similar to Solution 16, infill concrete transforms the cross-section to a rectangular
shape to minimize FRP bends. Through threadbars at the top and embedded threadbars at the
bottom of the web are used to provide (a) continuity between the new and old concrete, and

(b) a location for attachment of the walings that anchor the FRP.

8.1 Design Procedures

The required steps for designing the full-depth FRP retrofit are:
e Step 1: Design FRP composite.
e Step 2: Design threadbar and infill concrete reinforcement.
e Step 3: Design steel waling.

Since the design procedures are similar to Solution 16, details are not repeated in this
section. The effective width of the FRP strips is determined based on the distribution width of each
term of inverted-T bent cap capacities, and the effective strain is assumed as 0.004. The fully raised
FRP strips also contribute strength to the hanger deficiency. The top-layer threadbars are designed
to resist shear force at the connection with the steel walings. The same number of threadbars is
used at the bottom layer to provide continuity between the concrete infill and the web. Minimum
reinforcement is provided for the concrete infill. Steel walings are designed for the shear bearing
at the connection with the threadbars and to have enough bond strength between the plate and the
FRP strips.

8.2 Discussion of Design Example

The solution is developed for both double- and single-column bent caps. Figure 8.1 and Figure 8.2
show the design details for the double- and single-column bents, respectively. Table 8.1 provides
the capacity increase of the bent caps with the developed design examples under ultimate load
demand. A sample FRP composite (BASF C160) with a tensile modulus of 33,400 ksi and
thickness of 0.04 in. is used to develop the design examples.
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Figure 8.2. Full-Depth FRP Design Example for Single-Column Bent.

Six 5/8 in. and 1 in. diameter B7 Grade threadbars (125 ksi) are provided for the infill
concrete of the single- and double-column bent cap, respectively. Threadbars are provided in two
layers, with three in each layer. A single and two layers of FRP anchored by 64 in. x 14 in. x

0.751in. steel waling are used for the exterior and interior of the double-column bent cap,
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respectively. A single layer of FRP with 64 in. x 14 in. x 0.75 in. steel waling is used for the
single-column bent cap. The developed solution increases the strength of the exterior and interior
of the double-column bent cap by 56 percent and 42 percent, respectively. For the single-column
bent cap, the strength increases by 19 percent and 5 percent for the exterior and interior,

respectively.

Table 8.1. Capacity Increase from Full-Depth FRP Retrofit.

Bent Type Gird_er Capagity Dema_md Overstrength Factor
Location ¢C (Kip) D (kip) ¢C/D

Double | EXteror Rgtrrigliir'][?;d | 2 112

L I R —

Single Exterior R(ztrrigfiir;{tﬂd ;gg 207 gii

R e "

Note: ¢ = strength reduction factor, 0.9.

8.3 Limitations and Recommendations for Construction

The challenges for the partial-depth FRP retrofit (Solution 16) also apply to the full-depth FRP
retrofit. The concrete infill for the full-depth FRP solution presents an additional challenge to
implement the retrofit. Since the infill concrete extends to the top of the bent cap, the concrete
must be poured from the deck slab down. A hole for pumping the concrete will need to be drilled
from the deck at the proper location. This operation may require cutting an existing reinforcement

in the deck. Traffic lanes above and below may need to be closed during the concrete pour.
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CHAPTER 9: LARGE BEARING PAD (SOLUTION 18)

Figure 9.1 shows the concept of the retrofit solution to strengthen punching shear capacity by using
larger bearing pads. A punching failure may occur if the girder reactions are sufficient to punch
out a truncated pyramid beneath the bearing pad. Punching shear capacity depends on several
parameters: girder spacing, edge distance, ledge depth, and bearing pad size. Girder spacing, edge
distance, and ledge depth are fixed by geometry, but bearing pads can be replaced. The proposed
solution, use of increased bearing pad size, is expected to enhance the punching shear performance
by increasing the load distribution area.

|

|

: C+0.5W+d; AW AW W+2d, AW
Increase Effective e e -
[Perimeter AL . Z
L

Perimeter
AL = ]

d . C wizdi2 \ 42 W di2 /
/ — AW \ [ aw AW

Y

AW AW II.' AW AW Increase Bffective

_ C+D.8W+d, ||| | W+2d, | Increase Effeclive
AW AW AW Perimeter

(a) Side elevation (a) Plan view

Figure 9.1. Solution for Punching Shear Failure by Increasing Bearing Pad Size.

9.1 Design Procedures

A rational modification for punching shear capacity equations given by AASHTO LRFD (2014)
and TxDOT (2015) is proposed in Section 2.3.3. The nominal punching shear resistance of interior
of inverted-T bent cap ledge can be calculated using Equation (2.17a). For exterior, the lessor of
Equation (2.17a) or (2.18a) controls. In general, c is less than W/2 + L + d, and Equation (2.18a)
controls the punching shear capacity.

In the proposed punching shear capacity equations, the area of the concrete failure surface
is approximated as the average of the perimeter of the bearing pad and the perimeter at depth, ds,
assuming 35-degree slopes multiplied by dr. Therefore, the terms in parentheses in
Equation (2.17a) and (2.18a) are the effective perimeter of the concrete failure surface. Increasing
the bearing dimension (i.e., W and L) in the equations will increase the effective perimeter of the
failure surface, and hence increase the punching shear capacity. In the developed design example,
the term of the effective perimeter is defined as p, and the required increment of the effective
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perimeter (i.e., Ap) is worked out using the deficient capacity. The increment is then achieved by

increasing W and L, with consideration for limits imposed by the geometry of the bent cap.

9.2 Discussion of Design Example

The retrofit with a large bearing pad is developed only for the exterior of the typical double-column
bent cap (Bent 13). The interior of the double-column bent cap and the single-column bent cap
(Bent 22) has sufficient punching shear capacity to resist the load demand. Table 9.1 provides the
capacity improvement of the double-column bent cap with the developed design example under
ultimate load demand.

Figure 9.2 shows the design details. A 23 in. x 11 in. size bearing pad is used to replace the
original bearing pad at the exterior, which has a size of 21 in. x 8 in. The punching shear capacity

is improved by 6 percent, and the overstrength factor is increased to 1.01 from 0.95.

9.3 Limitations and Recommendations for Construction

The girders may need to be lifted to replace the original bearing pad. A flat jack cylinder can be
used to lift the girders. Dowel bars used to connect the girder to the bent cap ledge (Figure 9.3)
may be an obstacle to implementation of the retrofit. The dowel bar typically extends 6 in. from

the top of the bearing seat. The original bearing pad may need to be cut out to avoid the dowel bar.

Table 9.1. Capacity Increase from Large Bearing Pad.

Bent Tvpe Girder Capacity Demand | Overstrength Factor
YPE 1| ocation #C (Kip) D (kip) #CID
Double . Original 235 0.95
Column Exterior Retrofitted 250 247 1.01

Note: ¢ = strength reduction factor, 0.9.
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Figure 9.2. Large Bearing Pad Design Example for Exterior of Double-Column Bent.

5" 1
(Typ.).

Figure 9.3. Dowel Bar Connecting Girder to Inverted-T Bent Cap.

55






CHAPTER 10: SUMMARY

For certain older in-service bridges, for example, the upper deck of IH-35 in Austin, the inverted-T
bent caps may need to be strengthened. To evaluate the performance of an inverted-T bent cap
with and without retrofit solutions, Thirty-three individual tests were conducted on eight half-scale
specimens. Findings from the experimental program were used to develop these recommendations
for evaluation of in-service inverted-T bent caps and design of selected retrofit solutions.

Two in-service inverted-T bent cap types, typical double- and single-column bent caps,
were evaluated against AASHTO LRFD (2014) sectional methods. Some rational modifications
for exterior distribution widths for ledge flexure, ledge shear friction, and the angle of the truncated
pyramid for punching shear capacity were recommended by Hurlebaus et al. (2018b). The
identified strength deficiencies were used to develop the proposed retrofit solutions.

Guidance for the selection of retrofit solutions was provided with three general criteria:
deficiencies addressed, obstacles, and costs. Retrofit selection should be mostly based on the
strength requirements, with additional consideration for obstacles to implementations as well as
initial and life-cycle costs.

Finally, design recommendations for six retrofit solutions were developed based on the
verified findings from the experimental results. The design recommendations were made for
addressing critical failure modes of inverted-T bent caps. General design procedures were given
in detail. The specific designs of each retrofit solution along with the limitations and
recommendations for construction were discussed. The examples for designing the retrofit
solutions are presented in Appendix B and C for double- and single-column bents, respectively.

The design examples for three retrofit solutions—end-region stiffener (Solution 3),
clamped threadbar with channel (Solution 8), and concrete infill with full-depth FRP anchored by
steel waling (Solution 17)—were developed for both double- and single-column bents; Solution 3
was only developed for exterior portions. The load-balancing PT (Solution 14) was developed for
only single-column bent caps due to the limitation of the geometry of double-column bent caps.
The concrete infill with partial-depth FRP anchored by steel waling (Solution 16) was developed
for only the double-column bent cap since it is not able to enhance hanger capacity, which must

be addressed for the single-column bent cap. The large bearing pad (Solution 18) was developed
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for only double-column bent caps since the single-column bent cap has sufficient punching shear

capacity. All the solutions are able to address the deficient capacities of the bent caps.

58



REFERENCES

AASHTO. (2014). LRFD Bridge Design Specifications, Seventh Edition. American Association
of State Highway and Transportation Officials, Washington DC.

ACI Committee 318. (2014). Building Code Requirements for Structural Concrete (ACI 318-14)
and Commentary. American Concrete Institute, Farmington Hills, MI.

ACI Committee 440. (2008). Guide for the Design and Construction of Externally Bonded FRP
Systems for Strengthening Concrete Structures. American Concrete Institute, Farmington
Hills, MI.

AISC. (2010). Specification for Structural Steel Buildings. American Institute of Steel
Construction, Chicago, IL.

Furlong, R.W., and Mirza, S.A. (1974). Strength and Serviceability of Inverted T-beam Bent-Caps
Subject to Combined Flexure, Shear, and Torsion. TXDOT Report #153-1F, Center for
Highway Research, University of Texas at Austin, Austin, TX.

Hurlebaus, S., Mander, J.B., Birely, A.C., Terzioglu, T., Cui, J., and Park, S.H. (2018a).
Strengthening of Existing Inverted-T Bent Caps—Volume 1: Preliminary Design. Rep. No.
FHWA/TX-18/0-6893-R1-Voll, Texas A&M Transportation Institute, The Texas A&M
University System.

Hurlebaus, S., Mander, J.B., Birely, A.C., Terzioglu, T., Cui, J., and Park, S.H. (2018b).
Strengthening of Existing Inverted-T Bent Caps—Volume 2: Experimental Test Program.
Rep. No. FHWA/TX-18/0-6893-R1-Vol2, Texas A&M Transportation Institute, The
Texas A&M University System.

Shakya, S., and Vinnakota, S. (2008). “Design Aid for Triangular Bracket Plates Using AISC
Specifications.” Engineering Journal, Third Quarter, pp. 187-196.

TxDOT (2010). Inverted-T Bent Cap Design Example, Bridge Division, Texas Department of
Transportation, Austin, TX.

TxDOT. (2015). Bridge Design Manual—LRFD. Texas Department of Transportation, Center for
Highway Research, University of Texas at Austin, Austin, TX.

59






APPENDIX A. BENT CAP ANALYSIS
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A.1 DOUBLE-COLUMN BENT (BENT 13)

A-2



Double-Column Bent (Bent 13)

Dimension
Specimen dimension

bf:: 63 in
bweb :=30 in
bledge :=16.5 in

dledge :=20 in

d,:==17.5 in
df:: 17 in
a,:=17.5in

cover:=2.5 in
ag=a,+ cover
brgseat:=1 in
h:=dpue, + brgseat
S:=88 in

c:=22 in

Bearing Pad Dimension
W:=21in
L:=8in

Material Properties
Concrete Strength

f.:=3.6 ksi
Steel

Jy=60 ksi

E :=29000 ksi

A-3

h=21in

Analysis

Bottom Flange Width
Web Width
Single Ledge Width

Ledge Height

Distance from Top Layer of Ledge
Reinforcement to Bottom of Ledge
Distance from Top of Ledge to Centroid
of Bottom Layer of Ledge Reinforcement

Distance from Web Face to Center of
Bearing Pad
Average Concrete Cover of Web

Bearing Seat Buildup, in the specimen
there is no bearing seat buildup

Girder Spacing

Distance from the Center Line of the
Exterior Girder to the Edge of the
Cap measured along the Cap

Bearing Pad Width

Bearing Pad Length

Concrete Strength

Yield Strength of Reinforcement

Young's Modulus



Double-Column Bent (Bent 13)

Ledge Shear Friction

Exterior
Distribution Width
by oy, ~=minimum of:
W+4a,=51in
i +c=606in
2
% (W+4a,)+c=475in
by oq=47.5 in
Capacity
Vv, = minimum of:

ns_ext
0.2 f1y+ by g+ d,=598.5 kip
0.8 ksi by o+ d, =665 kip

Ve eu=598.5 kip

Interior
Interior
by 4 = minimum of:
W+4a,=51in
§=288 in
bsﬁint =5Llin
Capacity
Vs e = minimum of?

0.2 f,+by 1y d,=642.6 kip
0.8 ksi+ by jyy+d, =714 kip

Vs ine = 642.6 kip

A-4

Analysis

(AASHTO LRFD 5.13.2.5.2)

Modlified to half of the distribution
width (or half the girder spacing) and
the distance to the edge of the cap

(AASHTO LRFD Eq.5.13.2.4.2-1)

(AASHTO LRFD Eq.5.13.2.4.2-2)

(AASHTO LRFD 5.13.2.5.2)

(AASHTO LRFD Eq.5.13.2.4.2-1)

(AASHTO LRFD Eq.5.13.2.4.2-2)



Double-Column Bent (Bent 13)

Ledge Flexure

A;5:=031 in’
Exterior
Distribution Width
by oy = minimum of:
W+5a=T711In
i +c=066in
1 e
5 (W+5a)+c=575in
By eq=51.5 in
Capacity
As = As5 -8

For combined axial tension and bending

T=N,+¢+A,+/,=¢+085f,-a-b

V,:=247 kip
N,=02-7,
$:=0.9

N,

y + 451,

a=—"— = 121in
085 f’c * bmﬁext

Mniext ::As 'f)‘/ ° (de - %)

Mn= Vn'av+Nn' <h_de>

M,

n_ext

a,+02+(h—d,)

Vif exti=

Analysis

Area of #5 rebar

(AASHTO LRFD 5.13.2.5.2)

Modlified to half of the distribution
width (or half the girder spacing) and
the distance to the edge of the cap

]
|
|

4 ¢ |mwsanz| Say 2 *5a,
el e Jomssoll s L wess, 1

s Primary Ledge Reinforcement within
4,=25in distribution width

Exterior Ledge Shear Factored Load

N,=49.4 kip Maximum Concurrent Axial Tension

M,

n

e =209.8 kip -+ ft
(AASHTO LRFD 5.13.2.4.1-1)

Vg exe=307.1 kip
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Double-Column Bent (Bent 13)

Interior
Distribution Width
b

= minimum of:

m_int
W+5a=T711In
§S=88in

b =71 in

m_int *

Capacity

A=A;-8 A, =248 in®

For combined axial tension and bending
T=P,+¢-A;-f,=¢-085-f -a-b
V, =287 kip
N,=02-V, N,=57.4 kip

$:=0.9

Nlt +A f
a:= ¢7 =1in
0.85 f'c * bmJ‘nt

a .
A/[itint = AS 'ﬁ! ° (de - E) A/[rtint =210.9 klp 'ﬁ

A/[n= Vn'av+Nn' <h_de>

M Vo im=308.7 kip
a,+0.2-(h—d,) .

Vaf ine =

Hanger Reinforcement
Ay, =2 legs+ A A),=0.62 in’
§:=6 in

Exterior

Analysis

(AASHTO LRFD 5.13.2.5.2)

Primary Ledge Reinforcement

within distribution width

Interior Ledge Shear Factored Load

Concurrent Axial Tension

(AASHTO LRFD 5.13.2.4.1-1)

AASHTO LRFD 5.13.2.5.5
Area of Hanger Reinforcement-2 legs

Hanger Reinforcement Spacing

- BDM-LRFD Ch.4, Sec. 5, Design Criteria - Modified to limit the distribution width to the edge of the cap (or half the
girder spacing and the distance to the edge of the cap). This will prevent distribution widths from overlapping or

extending over the edge of the cap.

For the Service Limit
V

sh_ext

= minimum of:

2
A4, | =,

P (3 fy) W+3a, .
1 . +¢|=90.4 kip

2 K

A-6

TxDOT uses 2/3 f,, based on Furlong
& Mirza Eq. 5.4 instead of 0.5 f,

from AASHTO LRFD
Eq. 5.13.2.5.5-1



Double-Column Bent (Bent 13)

Y (?J;) g

2

§+c)=136.4 kip

N

Vi exe=90.4 kip

For the Strength Limit
V,, = minimum of:

Analysis
- #
. /
A u
,grs Yy es ;7#“*# & t“” ”
I
W+3ay

Figure 5.13.2.5.5-1—Single-Ledge Hanger Reinforcement

(AASHTO LRFD Eq.5.13.2.5.5-2)
This equation accounts for hanger
reinforcement within shear critical
region

(AASHTO LRFD Eq.5.13.2.5.5-3)
This equation accounts for hanger
reinforcement within flexural and

Ao f,
i hr f,; . £+C :2046 klp
2 s 2
A, of, (W+2-d
L {0,063 \[Fowksi « by dyr 22 b, :
2 Y ?
Vnh_ext= 2046 klP
Interior

For the Service Limit
V

S

1 _ine= MiNimum of?

2
1 Ahr' (? 'fy)
il - (W+3 a,)=89.9 kip
2 K
2
A (?Jg’)
il -S=181.9 kip
2 K

Voh =899 kip

For the Strength Limit
V,, = minimum of:
i A/tr 'f,;'

2

.§=272.8 kip
N

1 0.063 -

2

[ evksi +bydp+

n_ime = 234.5 kip

A1y
—

v,

n

shear critical region and concrete

contribution
4 _#j—[
vll

L4
144

+ c)) =217.5 kip

A
7 hr |

@s

o

J:.QH
W T

[

o

S

by

o ~_J}‘:<

W+2-d)|=2345 kip

Figure 5.13.2.5.5-2—Inverted T-Beam Hanger
Reinforcement

TxDOT uses 2/3 f,, based on Furlong
& Mirza Eq. 5.4 instead of 0.5 f,

from AASHTO LRFD
Eq. 5.13.2.5.5-1

(AASHTO LRFD Eq.5.13.2.5.5-2)
This equation accounts for hanger
reinforcement within shear critical
region

(AASHTO LRFD Eq.5.13.2.5.5-3)
This equation accounts for hanger
reinforcement within flexural and
shear critical region and concrete
contribution
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Double-Column Bent (Bent 13) Analysis

Punching Shear IxDOT di dof d, f
] s c— X uses dy instead of d, for
Exterior * 1_ Punching Shear (BDM-LRFD,
. T=w="3 T Ch. 4, Sec. 5, Design Criteria)
Vip e = minimum of:
s | S
0.125 A/ oksi « (W+2+L+2+dscot (35 °)) - d;=345 kip
0.125+\/f, ~ksi + (0.5« W+ L+djcot (35 °) +c) » dy=261.2 kip
L d;
FT
. i, =
Vip et =261.2 kip u]: [ N } :[
"-R e
Interior
Vip ing=0.125 A/ fnksi « (W+2-L+2dcot (35 °)) ody Vi =345 kip
Bearin
meatns . . - v,
A, is the loaded area (bearing pad area). 4, is the area of the lowest —
rectangle contained entirely within the support (the inverted-T bent —l :&1 -
cap). 4, must not overlap the truncated pyramid of another load in Tz £ . It |1
either direction, nor can it extend beyond the edges of the cap in any -y
direction. Wy “Az
Elevation View Plan View
(AASHTO LRFD 5.5.4.2.1)
Ap=W-L A, =168 in’ Area under Bearing Pad
Exterior
B = minimum of: Distance from the perimeter of A4,
L to the perimeter of A,, as shown in
(bledge - av> - Y =5in the above figures.
b,,
a2 | _L 185
2 2
2+ dyee =40 in
S_w_ 335 in
2
c— 1 =11.5in
2
, L byer | L S w w .
B:=min ((bledge—av) —?, (gv.l. V; )_?,2.al,m,ge,3——,c—7 B=5in
L,:=L+2-B L,=18 in
Wy=W+2+B W,=31in
Ayi=Ly W, A,=558 in’
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Double-Column Bent (Bent 13)

m= minimum of:

A
2218

A,

2

. A,
m:=min|\[— ,2
4,

Vb exii=0.85¢f .« A;m

nb_exi
Interior
B = minimum of:

L .
(bledge - av> _?: 5in

b,
a2 | L 1855
2 ) 2

2+ dpgge =40 in

E—K=33.5 in
2 2

B:=min ((bledge — av> —é, (av+ b

Ly==L+2-B

Wy=W+2-B
Ayi=Ly« W,

m= minimum of:

A
2218

A,

2

. A,
m:=min|\[— ,2
4,

v, biint:: 0.85 'fc'AI -m

n

Vi ext = 936.9 kip

w

_?’2'dledge7?_7

L,=18 in

W,=31in

A,=558 in’

Vuy i =936.9 kip

A-9

Analysis
Modlification Factor

(AASHTO LRFD Eq.5.7.5-3)

(AASHTO LRFD Eq.5.7.5-2)

Distance from the perimeter of A,
to the perimeter of A,, as shown
in the above figures.

B=5in

Modlification Factor

(AASHTO LRFD Eq.5.7.5-3)

(AASHTO LRFD Eq.5.7.5-2)



Double-Column Bent (Bent 13)

Capacity of Bent 13
Capacity of Bent 13 is the minimum of ¥,
Exterior

v,

n_ext

= minimum of:

v,

ns_exi

,=598.5 kip

Vs ex=307.1 kip

Vo ex=204.6 kip

v,

. ext = 261.2 kip

Vi eu=936.9 kip

Viest =i (Vg exts Vg exts Vatexts Vap_exts Vab_exr) =204.6 kip
Interior
V, i = minimum of:
Vs im=642.6 kip
Vs ine=308.7 kip
Vo i =234.5 kip
Vo =345 kip
Vs im=936.9 kip
Vniint:: min <Vnsiint7 Vn/;mz s Vnhiint s Vnpiint’ anﬁint) =234.5 kip

A-10

Vrg/r Vnh > Vnp > and an

Analysis

Expected ledge shear-friction strength
Expected ledge flexure strength
Expected hanger strength

Expected punching shear strength
Expected bearing strength

Hanger strength control

Expected ledge shear-friction strength
Expected ledge flexure strength
Expected hanger strength

Expected punching shear strength
Expected bearing strength

Hanger strength control



A.2 SINGLE-COLUMN BENT (BENT 22)
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Single-Column Bent (Bent 22) Analysis

Dimension
Specimen dimension

bp=63 in Width of Bottom Flange

byyep =30 in Web Width

biegge i =16.5 in Single Ledge Width

a,:=17.5in Distance from Web Face to Center of
Bearing Pad

cover:=2.5 in Average Concrete Cover of Web

ag=a,+ cover a;=10 in

S:=72 in Girder Spacing

Distance from the Center Line of the
Exterior Girder to the Edge of the Cap
measured along the Cap

C:=16 in

brgseat:=1 in Bearing Seat Buildup, in the specimen
there is no bearing seat buildup

T P e T N O L

Ip!d%%!dfll: ?PJ%S’PJF&%R 2/?5927(?592: V}:‘FV}:’FC j.?%%fl%;‘?%fl%%?%l\

N N, N, N, . N

B

Exterior Interior 1 Interior 2 Interior 2 Interior 1 Exterion

dledge Ledge Height

dledge_ext :=21.75 in for exterior

dledge_int] :=27.31 in for interiorl

dledge_intZ :=33.25 in for interior2
h= d,edge + brgseat

s = diegge o+ brgseat =22.8 in for exterior

hint1 3= djeqge ims + brgseat =28.3 in for interior]

hin2 3= djeqge im2 + brgseat =34.3 in for interior2
d, Distance from top of ledge to centroid of

bottom layer of ledge reinforcement

dy o =19.25 in Jor exterior

de_int[ :=24.81 in for interiorl

Ao in23=30.75 in for interior2

A-12



Single-Column Bent (Bent 22)

dy

dy o= 1875 in

dp 1y =24.31 in

dy 12=30.25 in

Bearing Pad Dimension

W:=21in
L:=8in

Material Properties
Concrete Strength

£.:=3.6 ksi

Steel Properties
Jy=60 ksi

E,:=29000 ksi

Ledge Shear Friction

Exterior
Distribution Width
by oy, ~=minimum of:
W+4a,=51in
s +C=52in
2
% (W+4a,)+C=415in

by eyi=415 in

Capacity
Vis e = minimum of:
0'2 fC * beeXl * d€7
0.8 ksi by o+ d, o
Vs ext=575.2 kip
Interior1
Interiorl
b jpyy = minimum of:
W+4a,=51in
§S=721in
bsﬁint] =51lin

o =575.2 kip

A-13

Analysis
Distance from top layer of ledge
reinforcement to bottom of ledge
for exterior

for interior]

for interior2

Bearing Pad Width

Bearing Pad Length

Concrete Strength

Yield Strength of Reinforcement

Young's modulus

(AASHTO LRFD 5.13.2.5.2)

1. J;S C
PP R
Y
: ::]ﬂ:::
W+ 4ay L 2c

Figure 5.13.2.5.2-1—Design of Beam Ledges for Shear

(AASHTO LRFD Eq.5.13.2.4.2-1)

(AASHTO LRFD Eq.5.13.2.4.2-2)

(AASHTO LRFD 5.13.2.5.2)



Single-Column Bent (Bent 22)

Capacity
Vie iy = minimum of?
0.2 f'e* by inis * de_iney =911 kip
0.8 ki by iy *dy 4y = 1012.2 kip
Vs =911 kip
Interior2
Interior2

by jz = minimum of:

W+4a,=51in
§S=721in
by jmz =51 in
Capacity
Vis iz = minimum of?
0.2 by i+ de jur=1129.1 kip
0.8 ksi+ by jyzd, o= 1254.6 kip
Vs iz = 1129.1 kip

Ledge Flexural
§:=6 in
Ag5:=0.31 in’

Exterior
Distribution Width
b

= minimum of:

m_ext

W+5a;=T711in

£+C=52 in

% (W+5a)+C=515in
By ex=51.5 in

Capacity
As ::As5' 7

For combined axial tension and bending

T=N,+¢-A4,-f,=¢-085-f.-a-b

A;=2.17 in®

A-14

Analysis

(AASHTO LRFD Eq.5.13.2.4.2-1)

(AASHTO LRFD Eq.5.13.2.4.2-2)

(AASHTO LRFD 5.13.2.5.2)

(AASHTO LRFD Eq.5.13.2.4.2-1)

(AASHTO LRFD Eq.5.13.2.4.2-2)

Spacing of Ledge Reinforcement

Area of #5 bar

(AASHTO LRFD 5.13.2.5.2)

; P slo]
B
uc

u
- PR ! o

L W i
4’ | ldg |0 M |

Figure 5.13.2.5.3-1—Design of Beam Ledges for Flexure
and Horizontal Force

Primary Ledge Reinforcement within
distribution width



Single-Column Bent (Bent 22) Analysis

V, =207 kip Exterior Ledge Shear Factored Load
N,=02-V, N,=41.4 kip Maximum Concurrent Axial Tension
$:=0.9
N,
+A4;+f,
a=——————=1.11in
¢ 1.1
085 f’c * bntext
a .
Mniext ::AS 'f}‘/ ° (deext - E) Mniext =202.8 klp 'ﬁ
M,=V,-a,+N, (h—d,) (AASHTO LRFD 5.13.2.4.1-1)
M,
Vn/' ext *= e an ext — 296.8 klp
o a,+ 0.2. <hext - deﬁext) .
Interior1
Distribution Width
by 4 = minimum of: (AASHTO LRFD 5.13.2.5.2)
W+5a=T711In
§S=721in
by =71 in
Capacity
Primary Ledge Reinforcement
. 2
A;:=4g-9 4,=2.79 in within distribution width

For combined axial tension and bending

T=N,+¢-4,-f,=¢-085-f.-a-b

V, =235 kip Exterior Ledge Shear Factored Load
N,:=02.V, N,=47 kip Maximum Concurrent Axial Tension
$:=0.9
N,
+40,
¢ =1in

qi=—
0.85 f'c * bmJ‘nt

a .
Mniim‘l = As °f)‘) ° (deintl - 3) Mniim‘l =339 klp 'ﬁ
M,=V,-a,+N, (h—d,) (AASHTO LRFD 5.13.2.4.1-1)
M, s )
Vrg/;intl = o an_intl =496.2 klp

a,+0.2. <him‘1 - defint])

A-15



Single-Column Bent (Bent 22)

Interior2
b =71 in

m_int
Capacity

Agi=A;5+9

For combined axial tension and bending
T=N,+¢-A4,-f,=¢-085-f.-a-b
V, =235 kip
N,:=02-7,

$:=0.9

N, +A,-f
a=_®
0-85f'c'bmiint

M,

Mn= Vn'av+Nn' <h_de>

MnﬁintZ v

a,+0.2. <him‘2 - defintZ)

Vrgf;intZ = n

Hanger Reinforcement
Ay,i=2 ledgs « Ags
Exterior
Se i =4.375 in

For the Service Limit

Vi e = minimum of:
h 2
A, | =
1 (3 fy) W+3a,
- . +C|=103.5 kip
2 Seoxt 2
2
| A (?Jg’) s
1 2ol =142.6 kip
2 Soxt 2
Vi en=103.5 kip

A-16

a
n_int2 = As 'f)‘) * (deinIZ - 3) Mn

A, =28 in’

N, =47 kip

2 =421.9 kip - ft

iz =617.4 kip

Ay =0.6 in®

Analysis

Primary Ledge Reinforcement
within distribution width

Exterior Ledge Shear Factored Load

Maximum Concurrent Axial Tension

(AASHTO LRFD 5.13.2.4.1-1)

Area of Hanger Reinforcement-2 legs

Spacing of Hanger Reinforcement

(BDM-LRFD Ch.4, Sec. 5, Design
Criteria - Modified to limit the
distribution width to the edge of the
cap (or half the girder spacing and
the distance to the edge of the cap).
This will prevent distribution widths
from overlapping or extending over
the edge of the cap.)

Al

W+3ay

Figure 5.13.2.5.5-1—Single-Ledge Hanger Reinforcement




Single-Column Bent (Bent 22)

For the Strength Limit
V,, = minimum of:

Apof,
i( hr fl‘ .(§+C) =213.9 klp

2 s

ext

Apefy (WH2+ds,
%(o.%s-ﬁf,kg <byedy gyt — b ( . L +C)):256.8 kip

ext

v,

n

e =213.9 kip

Interiorl
Sip1 =57 in

For the Service Limit

Vi iy = minimum of:

1 Ahr'(lﬂfj‘/)
- (W+3a,)=91.6 kip

3
2 Sint1
2
1 A’”'(?Jg’)
— 2 T .§=151.6 kip
2 Sint1

Ven_int1 =91.6 kip

For the Strength Limit

V,, = minimum of:

Ao f,
(Al o) 22274 kip
2 Sintl
Ao f,
%(0.063-\/% wbyedy g+ b (W+2+dy ) | =3114 kip
o Sintl N
Vo ins1 =2274 kip
Interior2
Sint2 = 3.5in

For the Service Limit

Vi iz = minimum of:

2
A (? 'Jg’)
. - (W+3 a,)=149.1 kip
2 Sint2
2
1 Ahr * (?fy)
—e—7 7.§=246.9 kip Vo imz = 149.1 kip
2 Sint2 -

A-17

Spacing of Hanger Reinforcement

Analysis

(AASHTO LRFD Eq.5.13.2.5.5-2)
This equation accounts for hanger
reinforcement within shear critical
region

(AASHTO LRFD Eq.5.13.2.5.5-3)
This equation accounts for hanger
reinforcement within flexural and
shear critical region and concrete

contribution
4,
Vv
Wy ‘hrL I

5 W ST
[ | AN

b | wedp |

Figure 5.13.2.5.5-2—Inverted T-Beam Hanger
Reinforcement

(BDM-LRFD Ch.4, Sec. 5, Design
Criteria - Modified to limit the
distribution width to the edge of the
cap (or half the girder spacing and
the distance to the edge of the cap).
This will prevent distribution widths
from overlapping or extending over
the edge of the cap.)

(AASHTO LRFD Eq.5.13.2.5.5-2)
This equation accounts for hanger
reinforcement within shear critical
region

(AASHTO LRFD Eq.5.13.2.5.5-3)

This equation accounts for hanger
reinforcement within flexural and

shear critical region and concrete
contribution

Spacing of Hanger Reinforcement

(BDM-LRFD Ch.4, Sec. 5, Design
Criteria - Modified to limit the
distribution width to the edge of the
cap (or half the girder spacing and
the distance to the edge of the cap).
This will prevent distribution widths
from overlapping or extending over
the edge of the cap.)



Single-Column Bent (Bent 22) Analysis

For the Strength Limit

V,, = minimum of:
(AASHTO LRFD Eq.5.13.2.5.5-2)

This equation accounts for hanger

A, .
i ’"_f‘ - S|=370.3 kip reinforcement within shear critical
2\ S region
oy (AASHTO LRFD Eq.5.13.2.5.5-3)
1 N : hr*Jy . This equation accounts for hanger
— 10.063 - eksi «byod,; (W4+2-d,. =3713 k
2 ( Sowksi = by i+ Sil < + '/’"Q)) P reinforcement within flexural and

shear critical region and concrete

contribution
Vnh_intZ =370.3 klp

Punching Shear \ T— s —»’—c—

Exterior g jl?f
Vip e = minimum of:
TxDOT uses d; instead of d, for
. o — . 'f e
0.125 A/ foksi + (0.5« W+ L+d; o+ cot (35 ©) + C) +dy ,, =272.5 kip Punching Shear (BDM-LRFD,
Ch. 4, Sec. 5, Design Criteri
0.125 \/f,+ksi + (W4+2+L+2+d; e cot (35 °)) +dy oy = 402.7 kip ec. 3, Design Criteria)
Vo o =272.5 ki v
np_ext 'p —de de/2_|

Interiorl L /{ Vy awl [:l

!
[

|

—
@®

o

Vip int 7= 0125 \[fuksi « (W42 L+2+d; 1+ 00t (35 °)) v dy s L]
I
Vnp_,-m] =613.7 kip d,/2-
Figure 5.13.2.5.4-1—Design of Beamn Ledges for Punching
Interior2 et

Vi im23=0.125« e ksi - (W+2+L+2+d; 5 c0t(35 °)) +dy jr

V) o= 885.3 kip

np_
Bearing
A, is the loaded area (bearing pad area). 4, is the area of the lowest W
rectangle contained wholly within the support (the inverted T cap). B ,Lﬁ =
A, must not overlap the truncated pyramid of another load in either T :& Ny
direction, nor can it extend beyond the edges of the cap in any — B It (|
direction. ba B M
T
Wy A
Elevation View Plan View

(AASHTO LRFD 5.5.4.2.1)

Ap=W-L A;=168 in’ Area under Bearing Pad
Exterior
B = minimum of: Distance from the perimeter of A,
L to the perimeter of A,, as shown in
(bledge - av> - Y =5in the above figures.
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Single-Column Bent (Bent 22)

b,
a2 | _L 18550
2 ) 2

2 djpyge o =43.5 in

E—K=25.5 in

2 2

C—K=5.5 in

2

. L
B:=min ((bledge—av> —?, (av+
L,=L+2+B
Wy=W+2+B
Ay=Ly W,

m= minimum of:

A
2218

A,

2

. A,
m:=min|\[— ,2
4,

Vb exi =085« A;m

nb_exi

Interior1l
B = minimum of:

L .
(bledge - av> _?: 5in

by,
(av-i- ;eb)— L_ 18.5 in

2
2+ diogge i1 =546 in

E—K=25.5 in
2 2

. L
B:=min ((bledge — av> - > (av +

Ly=L+2-B

Wy,:=W+2-B

Analysis

byen L S w w
e )__’2'dledgeext73_jac_7
B=5in
L,=18 in
W,=31in
A,=558 in’
Modlification Factor
(AASHTO LRFD Eq.5.7.5-3)
m=1.8

Vb exe=936.9 kip (AASHTO LRFD Eq.5.7.5-2)

Distance from the perimeter of A,
to the perimeter of A,, as shown
in the above figures.

o) L s w :
-~ )_?’2'dledgeint1’?_7 B=5in
L,=18 in
W,=31 in
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Single-Column Bent (Bent 22)

Ayi=Ly W, A,=558 in’
m= lesser of:
A
218
AI
2
. AZ
m:=min|\[— ,2 m=1.8
AI
anﬁint] :=0.85 'fc 'A] *m Vn

Interior2
B = minimum of:

L .
(bledge - av> _?: 5in

bfe
a,+ web |
2

2. dledgeiintZ =66.5 in

L

—=1851in
2

5—1225.5 in
2 2
B:=min (b —a>—£ a +bweb _£ 2.d . i_
ledge v 5 N i 5 5 ’ ledge_int2 » 5
Ly=L+2-B L,=18 in
Wy=W+2-B W,=31in
Ay=Ly W, A,=558 in’
m= lesser of:
A
2 =18
AI
2
. AZ
m:=min [\ — ,2 m=1.8
A]
aniintZ::O'SS 'fc'A]'m Vn

A-20

b int1 = 936.9 kip

b int2 = 936.9 kip

Analysis

Modlification Factor

(AASHTO LRFD Eq.5.7.5-3)

(AASHTO LRFD Eq.5.7.5-2)

Distance from the perimeter of A,
to the perimeter of A,, as shown
in the above figures.

w

2

B=5in

Modlification Factor

(AASHTO LRFD Eq.5.7.5-3)

(AASHTO LRFD Eq.5.7.5-2)



Single-Column Bent (Bent 22)

Capacity of Bent 22
Capacity of Bent 22 is the minimum of V,,., V,r, V5, V,,, and V,,

Exterior
V, ex = minimum of:
Vs exe="575.2 kip
Vi e =296.8 kip

Vi e =213.9 kip

v,

np.

o =272.5 kip

Vi eu=936.9 kip

Vnﬁa\*t =min <Vnsiext ) Vrgfiext ’ Vnhiext ) Vnpiext ’ anﬁext) =213.9 klp
Interiorl
V, iy = minimum of:

Vnsiintl =911 klp

Vor in1 =496.2 kip

Vin i1 =227.4 kip

v,

o ini = 6137 kip

Vs ims = 936.9 kip

Vniintl =min (Vnsiintl ) Vn/;intl ) Vnhﬁint] ) Vnpfint] ) anfint]) =2274 klp

Interior2
v

n_int2

= minimum of:
Vys iz =1129.1 kip

Vir in2=617.4 kip

Vo iz =370.3 kip

Vo in2 = 885.3 kip
Voo inez=936.9 kip

VniintZ =min (VnsiintZ ) Vn/;intZ ) Vnhiint2 ) VnpfintZ ) aniint2> =370.3 klp

A-21

Analysis

Expected ledge shear-friction strength
Expected ledge flexure strength
Expected hanger strength

Expected punching shear strength
Expected bearing strength

Hanger strength control

Expected ledge shear-friction strength
Expected ledge flexure strength
Expected hanger strength

Expected punching shear strength
Expected bearing strength

Hanger strength control

Expected ledge shear-friction strength
Expected ledge flexure strength
Expected hanger strength

Expected punching shear strength
Expected bearing strength

Hanger strength control






APPENDIX B. DESIGN EXAMPLE FOR DOUBLE-COLUMN BENT
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B.1 SOLUTION 3: END REGION STIFFENER
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Bent 13 Solution 3 - End-Region Stiffener

Design Problem:

Bent 13 has hanger, ledge flexure, and punching shear deficiencies at exterior girder location based on
AASHTO LRFD (2014). End-region stiffener provides alternative load paths so that it can increase ledge and
hanger capacities at the exterior girder location.

The required load demands on the exterior ledges are shown below:

Vou_ewt =247 kip (for single ledge)
Vutiezt = Vuiezt +2=494 klp (for both ledges)
My e2t=Voy ext* 0y +02V, gy <h - de> =168.78 kip - ft Concurrent ledge moment on a single ledge

Specifv Web Anchor

1. Determine the required shear force for the web anchors(V/, ., )

Strength reduction factor for normal weight
$:=0.8 concrete in anchorage zone (AASHTO 5.5.4.2)

V.

u_ext

Vah ext = —Vih_ewt = 110.75 kip Hanger deficiency

Vireq =2 Van ex = 221.5 kip
Try 1 in. diameter epoxy anchor with high-strength (150 ksi) threadbar
2. Determine required number of anchors
- As an example, epoxy anchor with high strength threadbar manufactured by Williams Form Inc. may be used.

Properties of 1 in. diameter epoxy anchor

d,==11in Anchor diameter

A,=0.85in’

Fyai=120 ksi

Fur =150 ksi

T:=A,-f,=127.5 kip Design load = tensile strength (provided by manufacturer)
W;:=31 kip Working load (provided by manufacturer)

hep:=25in Embedded depth (provided by manufacturer)

Visw=0.6 - T=76.5 kip Shear strength

dh::da+%in:1.13 in Hole size

Required number of anchors on the web

Strength reduction factor for post-installed
$q:=0.65 anchors with Category 2 (ACI 318-14 17.3.3)

Vh,,'re q

¢a * Vst

n, =4.45

w3_req =
Try 5 anchors on the webng, =5

x Anchors on the ledges may not contribute for hanger resistance. Thus, in this design example, anchors on the ledges
are not accounted for in resisting hanger but accounted for in resisting shear and pullout tension force on the ledges.
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Bent 13

3. Determine layouts of the anchors

So min=6+d,=6in Minimum spacing

Solution 3 - End-Region Stiffener

@
«
o
o

= C e =15.39 in
8
Cy min= maximum of Minimum edge distance i g _
B . 4.12.00"%900"] Cogy:=9in
. . = =
1.5 in Saspi=151n 2 Sosni=12in
6-d,=61n
. 5
Caﬁmin =61 0o

Try layout shown in figure

4. Check that the shear capacity of web anchors is greater than the demand

- According to ACI 318-14, anchors in shear should be checked for steel strength, concrete break out strength,

and concrete pryout strength.

Steel Strength of Anchor

Vins = Vg * g,y = 382.5 kip

¢+ Viopg = 248.63 kip > Vi req=221.5 kip

Concrete Breakout Strength of Anchor

S, =3 Cop =27 in
min <Sasv ) Sash) < Scr

Vcbii = Vcbg <2

- AVc
Vcbg = T 'z/}eciv * wediv ¢ chJ * whfv * Vb
Veco

Ayeoi=4.5+(Cypy)* =364.5 in’
Aye= (Sash+2+ Cogp) (Casy+ S 3+ 1.5 hey) =2936.7 in” >

take Ay, :=1822.5 in’
A, =1.0

V, = minimum of

(0K)

Critical spacing (ACI 318-14 17.2.1.1)

Group effect shall be considered

Concrete breakout strength for shear loading parallel
to an edge

Concrete breakout strength for shear loading
perpendicular to an edge on a group of anchors

Projected area for single anchor in deep member in
the direction perpendicular to the shear force

_, Projected area of the failure
Mgy * Ayeo = 1822.5 10" g nfice on the side of the
concrete member at its edge
for a group of anchors

Modlification factor to reflect the reduced mechanical
properties of lightweight concrete

Basic concrete breakout strength value for a single
anchor

h 0.2
Vi := (7( def] . \/da] Ao\ £+ 1000 psi « (Cg,) ° = 682.65 kip

a
1

Vipi=9in > +Ay+\[f.+ 1000 psi + (C,y) " = 461.06 kip
Vyi=min (Vi , Vi) = 461.06 kip

1p6671) = 1'0

Modlification factor for anchor groups loaded
eccentrically



Bent 13 Solution 3 - End-Region Stiffener

Yo »=1.0 Modification factor for edge effect

e =14 Modlification factor for cracking effect at service

Modlification factor for anchors located in
P y=1.0 narrow concrete member

Ay,
Vcbg = Aiv "rbeciv * d’edj; * d’cj} * 'l/)hiv * Vb =3227.42 klp
Veo

@+ Vg =2097.82 Kip > Vireq=221.5 kip (OK)

Concrete Pryout Strength of Anchor

chg = kcp * Nﬂpg Concrete pryout Strength
"k, " is 2.0 for effective embedded length of
Fep?=2:0 anchor larger than 2.5 in.
Ane Lesser of bond strength of anchor and concrete
Nepg= TN Yee_Na* Ped Na* Yep Na* Noa breakout strength of anchor in tension
co

Characteristic bond stress in uncracked
concrete

| Tunes
eng =10 dy A —=L _ =12.21in Rectilinear area that projects outward a distance
1100 psi

Projected area for single anchor in deep member
in the direction perpendicular to the shear force

Tuner = 1640 psi

Ao = (2 ) * _ 596.36 in®

Projected area of the failure
surface on the side of the
concrete member at its edge
for a group of anchors

Anei= (Sasn+ 2+ Cogp) (2 g+ 3+ ) = 2082.62 in” < ngy e Ay =2981.82 in’

A, =2082.62 in®

Basic bond strength of a single adhesive anchor

Niyg = Aq* Tuper * 7+ dp + hep=144.91 kip in tension in cracked concrete

Modlification factor for anchor groups loaded
Pee nai=1.0 eccentrically

Cls
Yeq Na=0.7T+0.3 2o 0.92 Modification factor for edge effect
- CNa
Modlification factor for adhesive anchors designed

ot g4
Yep_Na = . for uncracked concrete without supplementary

e reinforcement to control splitting
Apne .
Ncpg = — 1pecha * 1»z’93d7N¢1 * ¢cp7Na * Nba =343.57 klp
ANEO
Neps = kep* Nepg = 687.15 kip
¢+ Nyps =446.65 kip > Vireq=221.5 kip (OK)

Increased hanger capacity for single ledge
¢V15h =min <¢a * Vsnli ) d)a * Vcbg ) d)a * Ncp3> =248.63 klp

¢Vnh =

oV
;’h B Vi our =282.71 kip



Bent 13

Specifv L.edge Anchor

1. Determine the required shear force for the web anchors( V., )

¥
0,5V,c

20.00

=)
S
| Bl i

o
S

LI’

e ]

)

fas°
|

=

Vit

110 50"
O-S%ciﬁ")

N

2.00"

o
0.5V cos?(45°)

11.50"
12.00"
T i 60.25"

Solution 3 - End-Region Stiffener

- Since the anchor hole for the ledge anchor is deeper than holes for the web anchor, try using anchors with smaller diameter.

- As an example, epoxy anchor with B7 threadbar manufactured by Williams Form Inc. may be used

- To ensure embedded depth is not affected by cracking on the ledges, the length of embedded depth for ledge
anchors shall be taken as follows:

With the effective embedded depth h,;:=5.625 in , which is the minimum required embedded depth specified by
manufacturer

w
hE::C+?+h+hef:59.13 n

Properties of 5/8 in. diameter epoxy anchor

d,i=—1n

A,:=0.23 in?
fya =105 ksi
Fur =125 ksi

T:=A,-f,,=28.75 kip
W,:=10.25 kip
hep=5.63 in

Vg =0.6+T=17.25 kip

1
dy = da+§ mn=0.75in

Required shear strength for a group of ledge anchors

an?ezt =1min <Vnsfezt k] an?ezt k] Vnpﬁezt> =261.18 klp

Vu,ewt

2
V=05 ( - anmj -cos (45°) =11.89 kip

V1Lewt

2
Ndl =05- ( - Vnpezt] * Cos <45°> =11.89 k:zp
Vit reqi=2+Vy=23.78 kip

N31J‘eq =2 Ndl =23.78 k’Lp

B-6

Anchor diameter

Design load = tensile strength (provided by
manufacturer)

Working load (provided by manufacturer)
Embedded depth
Shear strength

Hole size

Minimum capacity

Vertical component of ledge deficiency for a single
ledge

Horizontal component of ledge deficiency for a
single ledge



Bent 13 Solution 3 - End-Region Stiffener

2. Determine required number of anchors

Required number of anchors on the ledge W
=
C)_
V3lJ'€q 2
nsBJ‘eq =—=2.12
¢a * VsBl
N31 re . =8 900 2'2,50 22 50 '
N3 req*= % ’T =1.27 Coy=Tinr Con=91in o000 Su=22.51n
a

- Try 3 anchors on the ledge (n,,:=3) with layouts shown in figure.
*Place anchors at the bottom kern point. (C,;;:="7 in)

3. Check that the shear and tension capacity of ledge anchors is greater than the demand

Steel Strength of Anchor

Ngpan:=T «ng=86.25 kip

by Ngyzp, = 56.06 kip > Ny g =23.78 kip (0.K)
Vengo = Vg » gy =51.75 kip

Do+ Vinzw = 33.64 Eip > Vst req = 23.78 kip (0.K)

Concrete Breakout Strength of Anchor

S =3 h;=16.88 in Critical spacing (ACI 318-14 17.2.1.1)

Since S,,=76.33 in > S, =16.88 in, group effect shall not be considered.

Concrete breakout strength of anchor in tension for a
Ney =%ea Ve N Pep v+ No group of anchors

Concrete breakout strength for shear loading

V= Ped o Pe v YoV perpendicular to an edge on a group of anchors

1.5 hyy=8.44 in

Modlification factor to reflect the reduced
Aai=1.0 mechanical properties of light weight concrete

Ko =17 "k, "is 17 for pot-installed anchors

1

Nyi=fge Mg\ feksi «hy'? in * =430.31 kip

V,  =minimum of Basic concrete breakout strength value for a single
anchor
h 0.2
Vi i= (7- ( def] . \/da] Ay \/ £+ 1000 psi + (C,yy) *° =301.78 kip
a

1

Vipi=9in > + X, +\/f+ 1000 psi + (C,y)) - = 316.26 kip

Vyi=min (Vi , Vi) =301.78 kip



Call
Peq n=0.T+0.3 =0.95
ef

1ped7v = ¢ed7N
1pciN =14= 7/%7@
Cpoi=2 hef

C
wcpiN - all —0.62

ac

P, p=1.0

Ncbg =g 1»bediN * 1/’ch * ¢cp7N * Nb =762.2 kzp

Vcbg =g 7/’3@; * d’aﬂ * 1ph7v * Vb =1202.68 kﬂp

B+ Ny =495.43 kip > Niy yeq=23.78 kip

G+ Viapg=T81.74 kip > Vit req=23.78 kip
Bond Strength of Anchor

hep=5.63 in

Tunes
ena =100 dy A\ —=L _ =7.63 in
1100 psz

Seri=2 cng=15.26 in

Solution 3 - End-Region Stiffener

Modlification factor for edge effect

Modlification factor for cracking effect at service

The critical edge distance (ACI 318-14 Sec.17.7.6)

Modlification factor for anchors located in
narrow concrete member

(0K)

(0OK)

Embedded depth

Rectilinear area that projects outward a distance

Since S,,=22.5in >8,,=15.26 in, group effect shall not be considered.

Tuner = 1640 psi
Npo'=Ag* Tuper * T » dj » hep=21.74 kip

Cull
Peq Nai=0.7+0.3 ——=0.98
CNa

C’all

1pcp7Na = =0.92

CNa
Na = ¢ed7Na * %pra * Nba =19.44 kzp
Ny :=ng+N,=58.33 kip

¢+ N,3=37.91 kip > Ny yeq=23.78 kip

Characteristic bond stress in un-cracked
concrete

Basic bond strength of a single adhesive anchor
in tension in cracked concrete

Modlification factor for edge effect

Modlification factor for adhesive anchors designed
for uncracked concrete without supplementary
reinforcement to control splitting

(0OK)
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Concrete Pryout Strength of Anchor

|4

epg = Kep* NV

cpg

kcp :=2.0

Tuner = 1640 psi

Tune
Cng=100d, | ——= _ =763 in
1100 psz

Npo=Ag* Tuper * T » A » hep=21.74 kip

Call
Peq Nai=0.7+0.3 ——=0.98
CNa

C’all

=0.92

1pcp7Na =
CNa

Ncpg =g ¢ed7Na * wzpra * Nba =58.33 klp

N,y3:=kep+ Ny, =116.66 kip

b+ Nops=T75.83 kip >

Increased hanger capacity for single ledge

Ny yeq=23.78 kip

Solution 3 - End-Region Stiffener

Concrete pryout strength

"k, " is 2.0 for effective embedded length of
anchor larger than 2.5 in.

Characteristic bond stress in un-cracked
concrete

Rectilinear area that projects outward a distance

Basic bond strength of a single adhesive anchor
in tension in cracked concrete

Modlification factor for edge effect

Modlification factor for adhesive anchors designed
for uncracked concrete without supplementary
reinforcement to control splitting

(0K)

¢V3l =min <¢a ¢ Nsn3h ) d)a * Vsniiv ) ¢a * Ncbg ) d)a * Vcbg ) d)a * Nais ) ¢a ¢ Ncp:i) =33.64 klp

PV .
PV pi=———+ ¢V, 00y =276.22 kip

2

cos (45")

4. Check the interaction between the shear and tension of ledge anchors

=0.39 <1.0

End Plate Design
1. Determine required thickness of end plate

Grade 50 steel end plate

F,:=50 ksi
F,:=65 kst
FE:=29000 ksi

Required thickness for hanger deficiency

Vb eat = 110.75 kip

VnhZLezt = bstem * td * Fy

(0OK)

Yield stress
Ultimate stress

Young's modulus



Bent 13

Van e
b req= bdﬂ =0.07 in

stem * L'y

Required thickness for axial bearing

¢,:=0.75
Wl

b= =0121n
t h u

Required thickness for shear bearing

V, Vi
V3 :=max hereq. s ) 443 kip
N3y 3y
¢4:=0.65
Vs3
ta, = =0.71in
BT $.42.0dy,- F,

Required thickness for shear rupture
¢,:=0.75

dh .
h,=Cgq— o =6.63 in

v,
tap peqi=——————=0.3 in
T $,.0.6+h, - F,

treq *=max <tdj‘eq ) tajeq ’ tsb;req ) tsrﬁreq) =0.7n

t:=0.75in

Design Triangular Stiffener

Solution 3 - End-Region Stiffener

Resistance factor (AISC Specification J3.10)

Resistance factor (AISC Specification J3.10)

Distance from edge of the plate to
the edge of the nearest hole

Minimum thickness of plate

- Since the thickness of end region stiffener is limited to 1 in. for practical reason, if the minimum thickness is
thicker than lin. a triangular stiffener should be designed to resist bending of the plate. In this design example,
the thickness of the plate is less than 1 in. Thus, this stiffener is only designed for shear and tension.

1. Determine required thickness for horizontal force

Grade 50 steel end plate

F,:=50 kst
F,:=65 kst
E :=29000 ksi
b:=20in
a:=11.51n

a

—=0.58

b

B-10

Yield stress
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Bent 13 Solution 3 - End-Region Stiffener
P,:=0.5.Vy-cos (45")2 =2.97 kip

u

Po= 570 ki
n = = 9. 7’p
2

sp:=101n
Pn *Sp 7 . .

myi=— =1.6-10 Dimensionless moment
b’ -FE

From the design aid table (Shakya and Vinnakota, 2008) and using interpolation,

s

t .
—~=7.38-10"°
b

Thus, the plate thickness ¢, is
by peq=b+7.38-107"=0.15 in
Try t,:=0.25 in

Check minimum thickness

¢
+>0.0280 for F,=50 ksi and % =0.58

ty min=0.0230-b=0.46in >  t,=0.25in (N.G)
Try t,:=0.5in > t, . =0.46 in (OK)

2. Determine required thickness for vertical force

b
—=1.74
a

2
P,:=0.5+Vy-cos (45°) =2.97 kip

u

Py= 570 ki
n = =o. 7,p
¢

a .
S,:=—=>5.751n
2

P‘I ‘87
my=— " =4.84.1077
a®-F

From the design aid table (Shakya and Vinnakota, 2008) and using interpolation,

t, .
—~ =8.58.107°
a

Thus, the plate thickness ¢, is

t =q+8.58:10°=0.1in

s_req "

B-11
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Check minimum thickness

t b
—>0.0399 for F,=50 ksi and —=1.74
a a

ty min=0.0399-a=0.46in < t,=0.5in

3. Determine weld size a,,

5
Qyy min = T in=0.311n
1
Qyy maz =t — T in=0.69 in

With E70 electrodes,
Frxx =170 ksi

1.5
F,,=0.6 Fpxx (1.0 +0.5 sin () )
¢:=0.75

¢an * Awe = ¢FTL’LU * te * L = ¢an * Ccos <45°> * aw * L

For vertical weld

Flp=0.6+Fpyy (1.0 +0.5 sin (0°) 1'5) =42 ksi

L:=b=201n

Pn

=0.01in
¢+ Fpy,+cos (45°) L

a‘wj‘eq =

For horizontal weld

1.5
F,,:=0.6Fpyy- (1.0 +0.5 sin (0%) ) =42 ksi
L:=a=11.51n
PTL

¢+ Fpy,ecos (45°) L

a, =0.01n

w_req ‘T

Use 0.5 in. fillet weld for both sides

B-12

Solution 3 - End-Region Stiffener

(0.K.)

(AISC Specification Table J2.4)

(AISC Specification J2.2)

(AISC Specification J2-4)
(AISC Specification J2.4)

Fillet weld strength



B.2 SOLUTION 8: CLAMPED THREADBAR WITH CHANNEL
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Solution 8 - Clamped Threadbar with Steel Channel

Design Problem:

Bent 13 has hanger, ledge flexure, and punching shear deficiencies based on AASHTO LRFD (2014). Clamped
threadbar with channel will be designed to strengthen the bent cap.

The required loads on the ledges are shown below:
Exterior
Vo et =247 kip
Vutiezt = Vuiezt «+2=494 klp
My 0=V ear* @ +0.2V, o+ (h—d,) =168.78 kip- ft

u

Interior
Vi it = 287 kip

Vutjnt = Vujnt +2=>574 k}lp

Muﬁint = Vu?int * av + 0.2 Vujnt * <h‘ - de> =196.12 klp ’ft

Specify Threadbar

1. Determine the hanger deficiency for single ledge

®»:=0.9
Exterior
V. e
Vid eat = —2 — Vs oy = 76.44 kip
¢
Interior
V. .
Vid int 1= — e — Vo i = 89.88 Kip

2. Determine the required threadbar contribution

Exterior
thjeq = Vhdjzt +2=152.89 kip

Interior
Vintjeq = Vhdjnt +2=179.76 klp

3. Determine the required area of the threadbar

Threadbar properties:

(for single ledge)

(for both ledges)

(for single ledge)

(for both ledges)

Resistance factor (AASHTO LRFD 5.5.4.2)

Use high strength threadbar (150 ksi threadbar)

f,:=120 ksi
fur=150 ksi

Exterior
A —

ext_req "~

Veztjeq

=1.27 in?

Y

Yield strength

Ultimate strength
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Interior

V.
int_req .2
Ajpi req= =1.51n
fy

4. Determine the number of threadbars

Try 1 in. diameter 150 ksi threadbar

dy:=11n

A:=0.85in’

f, =120 ksi

fu=150 kst
Exterior

N ext_req "= Aeijeq =1.5 Mgy =2
Interior

Ny _int_req = irj{req =176 Ny =2

Solution 8 - Clamped Threadbar with Steel Channel

Bar diameter
Net area of the bar
Yield strength

Ultimate strength

% By increasing bar size, the number of bars can be reduced, but it should be aligned with the number of channels.

5. Check that the capacity is greater than the demand (service limit and strength limit)

V=A-f,=102 kip

Exterior
VsILezt =175 klp

Vsltiezt =371 klp

stezt = Vt * Mgt + Vshiezt +2=554 klp

¢ * stezt =498.6 kljD > Vsltiezt =371 klp

Vnr?ezt = Vt * Nyt + Vnh?ezt +2=600 klp

¢ * Vnr?ezt =540 klp > Vutﬁezt =494 klp

Interior
Vg it = 130.5 kip

Vit it = 385.2 kip

Vsjnt = Vt * Ny + Vshjnt +2=465 klp

¢V it =418.5 kip > Vit int = 385.2 kip

Vnr?int = (Vt * Nyt + Vnhjnt * 2> =662.02 klp

Vi iy =595.82 kip > Vi sy =574 kip

Tensile strength - contribution of a threadbar

Exterior hanger capacity at service limit for
single ledge

Exterior service load for both ledges
(service limit)

(O.K)

(strength limit)

(0K)

Interior hanger capacity at service limit for
single ledge

Interior service load for both ledges
(service limit)

(O.K)

(strength limit)

(0K)
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Bent 13 Solution 8 - Clamped Threadbar with Steel Channel

6. Determine spacing between the threadbars
St?min =2.75- db =2.751n

Exterior
_(W+3a, W+2 d; S
by, et i=mN +c, +c,—+c
N 2 2 2
b,
S\ mas eat = — = = 43.75 in
Next — 1

Interior
by, ing 1=min <W+3 a,, W+2 df,S)
s_int

b )
= =511
Nint — 1

S t_max_int :

Try 30 in. spacing between the threadbars (S:=30 in)

i

. 5 ; 7 o
Ao 2 % % 0w w2 [ %% %4 x%uxnls 4 = =z 2
/cz%zzzzzo /Azzx%xzzz = A

(‘ Q

Specify Channel

Minimum spacing (AISC Specification J6)

Hanger distribution width for exterior

Maximum spacing for exterior

Hanger distribution width for interior

Maximum spacing for interior

1. Determine the required elastic section modulus and plastic section modulus for a channel

- The required nominal ledge flexure strength can be obtained by

Mu
Mnjeq = ?_Mn

- typical channels have compact section, nominal strength of the channel is

M, =min (1.6 F,+S,,F,-Z,)

A36 steel channel properties
F = 36 ksi

F,:=65 kst
E:=29000 ks

Exterior
M,

u_ext

Mnieztjeq = ¢ - M1Lezt =-15.68 k/"Lp * ft

No deficiency for exterior

B-16

(AISC Specification Eq. F6-1)

Yield stress of the channel
Ultimate stress of the channel

Young's modulus of the channel



Bent 13 Solution 8 - Clamped Threadbar with Steel Channel

Interior

Mu nt .

M., int_req*= ¢; —M,, ;;=13.65 kip- ft

M, ;
Sint_req = et .42 in® Required elastic section modulus for a channel
- 1.6 Fy-nyy,

Zint_req'= m#ueq =2.27in? Required plastic section modulus for a channel

y * Thint

2. Determine the required web thickness of the channel (¢,,, )
Vy=0.6-f,-A=76.5 kip Design load for anchoring (Williams Form)
¢,:=0.75 Resistance factor (AISC Specification J3.10)

Required thickness for axial bearing

t: ="  _ _065in Minimum web thickness for bearin
min_req ¢t . 2'4 db . Fu f g

- A channel should be chosen based on required elastic modulus, plastic modulus, and web thickness of the channel.

Try C10x30 Channel

3. Calculate contribution of a channel (M, and V)

MC10x41 Channel properties

t,,:=0.80 in > bonin,_req = 0.65 in (OK)
bp=4.32 in 10.00"
I e
t;:=0.58 in
(=]
d:=10in p 0.58"
[ N
.3 h w2
S,:=1.65 in N
Z,:=3.78 in®

Contribution of a channel
M, =minimum of
1.6 F,-S,=7.92 kip- ft

F,+Z,=11.34 kip- ft

M,="7.92 kip - ft

MC
V,i=—2=12.67 kip
a

v
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Bent 13 Solution 8 - Clamped Threadbar with Steel Channel

4. Check that the ledge flexure capacity is greater than the demand

Exterior

M, oy =203.22 kip- ft

G M, . =182.9 kip- ft >

Interior
M, 4 =204.26 kip - ft

Mncjnt = <ME * nint +Mn7int> =220.1 k/"Lp '.ft

G« My iy =198.09 kip - ft >

Vncjnt = Vs * Mt + anjnt =324.26 ]C’lp

& Ve it = 291.84 kip >

M,

u

M,

u

Vi int = 287 kip

out = 168.78 kip - ft

o =196.12 kip - i

Ledge flexure capacity for single ledge

(No channel needed)

Ledge flexure capacity for single ledge

(0OK)

(0K)

5. Check spacing between assembled Solution 8 (threadbar + channel)

Minimum spacing

Se min=d=101n <
Maximum spacing

Interior

by ear =575 in

bm ext .
Scﬁmazﬁezt = — - d = 475 m >
Megt — 1

Exterior
b imt=T11n

bm,int

Scﬁmazﬁint = - d =61 m >
Mint — 1

Bearing Plate Design

1. Determine required thickness of plate

\4

pt=76.5 kip

¢,:=0.75

A36 steel properties

F,:=36 ksi
F,:=65 kst
FE:=29000 ksi

S§=301in

§=301in

§=301in

B-18

(0K)

Exterior distribution width for ledge flexure

(0K)

Interior distribution width for ledge flexure

(0K)

Design load for anchoring (Williams Form)

Resistance factor (AISC Specification J3.10)

Yield stress of the channel
Ultimate stress of the channel

Young's modulus of the channel



Bent 13

Required thickness for axial bearing

Vo

= =0.651in
¢,-2.4d,-F,

treg?

Use 0.75 in. thickness plate

2. Determine required bearing area
¢,:=0.65

Vo

=—— " =38.46 in’
¢a -0.85 'fc

req

Solution 8 - Clamped Threadbar with Steel Channel

Use 5 in. x 8 in. rectangular plate with 0.75 in. thickness

B-19
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B.3 SOLUTION 14: LOAD BALANCING POST-TENSIONING
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Bent 13 Solution 14 - Load Balancing Post-Tensioning

Design Problem:

Bent 13 has hanger, ledge flexure, and punching shear deficiencies for both exterior and interior ledge based
on AASHTO LRFD (2014). Load balancing post tensioning strand will provide alternative load paths so that it can
improve overall bent capacities.

The required load demands on single ledge are shown below:

Exterior
Vi eat i= 247 kip (for single ledge)
My 0=V ear* @ +0.2V, o+ (h—d,) =168.78 kip - ft

Interiorl
Vo ing = 287 kip (for single ledge)
My it =V int* @+ 0.2V, iy o (h—d,) =196.12 kip - ft

Concrete infill block

- To transfer load from the strands to the column, the concrete infill block needs to be seated on the column, and
center of gravity of the concrete block should be placed on the column. For this design example, the dimension of
the concrete infill block is shown below. Only minimum reinforcement is needed for the concrete infill block.

%zzzz%zzl\/zuqzzz,z AR %

52.00° % TT T F
i TR

50.00"

27.007

LGreas;ed and Sheathed Strand
5-0.6" Strand

Reinforcement of Infill Concrete Block

1.Determine the maximum deficiency

¢:=0.9 Resistance factor (AASHTO LRFD
5.54.2)
Exterior
V1Leart .
Vi eot= — Vi ear =69.84 kip

Interior
V.

u_int

Vi = ¢; =V, int = 84.38 kip

Exterior

Vd ext Vd ext
v = max — s — =204.21 kip
14-extreq sin (35") sin (20")
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Interior
Vd,int Vd,int
sin (29“) " sin <28°>

V14J'ntjeq =max

2. Determine required longitudinal reinforcement

=179.73 kip

Solution 14 - Load Balancing Post-Tensioning

The concrete blocks not likely subject to bending moment. Therefore, this design example will provide

minimum required longitudinal reinforcement

- Geometry of concrete block
b, =16.5 in
h, :=56.75 in
de oz =60 in
f'e:=3.6 ksi
£,:=60 ksi

- Minimum flexure reinforcement

Af nin = the maximum of:

3 Vf/c'pSi b

w* Qo mag = 2.97 in’
Sy
) :
200D88 p =33 in?
fy

Af pin=3.3in”
- Maximum spacing of longitudinal reinforcement
SfJnaz =12 in

c

Ty 1= +1=5.73
Sfimaz

f_min

Ay o= =0.28 in’
ny
(/\ M g

on each side.

B-22

Width of infill concrete block
Height of infill concrete block

The maximum length of infill
concrete block

Concrete strength (use same concrete
as the in-service structure)

Yield strength of reinforcement steel

Required minimum flexure
reinforcement area

(ACI 318-14)

Required number of longitudinal bars
on each side of infill concrete block

Take integer

Required number of longitudinal
reinforcement

Required area of single longitudinal
bar

Place #5 (A;,:=0.3 in” ) longitudinal bars at four corners of the concrete block,

and evenly place four #5 longitudinal bars along the height of the concrete block



Bent 13 Solution 14 - Load Balancing Post-Tensioning

3.Determine required shear reinforcement
- Use double leg #4 stirrup
A,:=2:0.2in*> =0.4in”
- Concrete shear strength
V,=2\[f, +b,-d, =107 kip
- Required spacing of stirrups
Vd_maz = max <V14J:zueq ’ V14J'nueq>

Sy req = M =2.06 in
B Vdjnaz - Vc

- Check maximum spacing of stirrups

s = the maximum of:

v_max

e_mar

=301n

Av '.fy
0.75+4/f'.* psi b,

Av'fy
50 psi b,

=32.321in

=29.09 in

Sy maz = 29.09 in

Consider the geometry of the concrete infill block, evenly place four #4 double leg stirrups
at a spacing of 25 in.

Specify PT Strand

1. Determine required number of strands (try 0.6 in. strand)

Properties of 0.6" strand

fpu=270 ksi Ultimate stress

A,=0.217 in® Net area of strand

Py = fpu+ Ay =58.59 kip Ultimate strength of strand

P,:=0.7-P,,=41.01 kip Maximum force after transfer of prestressing force
Fpy=0.85+f,, =229.5 ksi Yield stress

fpe=0.8 f,, =183.6 ksi Stress at service limit state after losses

Py =fp. Ay =39.84 kip Strength at service limit state after losses
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Required number of strands

Exterior
N4 ext_req = M =4.98
ps
Interior
M4 int_req*= M =4.38

ps

use 5 - 0.6" strands (n,,:=5)

4. Calculate contribution of a strand (V)

Solution 14 - Load Balancing Post-Tensioning

Use smaller angle of left and right overhangs for exterior and interior

Exterior
Vi eat = Pq+ sin (20°) = 14.03 kip

Interior

Via_int = P+ sin (28°) = 19.25 kip

3. Check that the shear capacity is greater than the demand

Exterior
Vnﬁezt = <V14iezt * n14 + anezt) = 27474 klp

@V, ext =247.26 kip > Vi eat = 247 kip

Interior
Vioint= (V14jnt *Myyt annt) =330.78 kip

@V, int =297.7 kip > Vo int =287 kip

4. Determine Anchorage

(0OK)

(0K)

With 4 - 0.6" strands, the anchorage will be chosen from manufacturer's multi strands

anchorage catalog.

- For an example Type E 0.6 (unit 6-4) by VSL may be used, and its dimension is shown below:

3 :
41 - Bearing plate

-

J
3 i
42 65

L

Anchor head

Anchor System Design

1. Determine required thickness of end plate
Pyyi=ny,+ Py =199.21 kip

A36 steel end plate and beveled properties

F,:=36 ksi Yield stress
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Bent 13 Solution 14 - Load Balancing Post-Tensioning

F,:=65 kst Ultimate stress
E:=29000 ksi Young's modulus

- Assume the diameter of the strand bundle is 4.65 in.
d,=4.65 in

with 5 in. hole and beveled plate size, the height of vertical plate is determined

in=31.25in

. 5 .
b:=20 m+5 n+

Required thickness for axial bearing

¢, :=0.75 Resistance factor (AISC Specification J3.10)
P, -cos (20°
ta reg - Ppcos @09 0.34 in
T 2.4 d, - F,

Required thickness for shear bearing

P,,+sin (35°
ta reg ::”‘7”: 0.25 in
¢,+2.0d,-F,

Required thickness for shear yielding
¢y =1
P,;+sin (35°)

ty regi= =017 in
T $,-0.6b-F,

Required thickness for shear rupture
¢,:=0.75

h,:=5.51n

P,,-sin (35°
ta reg ::”tiH: 1.28 in
T $,40.6+h,+ F,

Use 1.5 in thick anchor plates (t,:=1.5 in)

2. Determine dimension of beveled plate

¢.:=0.65 Resistance factor (AISC Specification J8)
P,
reg = e =100.15 in?
¢.+0.85- f,
A, -4
Ayog = 9 =11.294n
T

Use 12 in. outer diameter beveled plate for whole bundle of strands

3. Determine dimensions of the triangular stiffener

- Since the recommended plate aspect ratio, a/b, ranges from 0.5 to 3.0, try a/b=0.5
a:=b-0.5=15.63 in

P, =P, cos (20°) = 187.19 kip
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P'lt
P, := 5 207.99 kip

8,:=22.51n
P,-s, .
myi=—"=529.10"
b’ - E

Solution 14 - Load Balancing Post-Tensioning

Dimensionless moment

- From the design aid table (Shakya and Vinnakota, 2008) and using interpolation,

s

—=11.20-107*
b
Thus, the plate thickness ¢, is
t,:=b-11.20 107°=0.35 in
Use 0.625 in. triangular plate (¢,:=0.625 in)
Check minimum thickness

¢
> 0.0188 for F,=36 ksi and %:0.5

ts min=0.0188+b=0.59 in < t,=0.63 in
4. Determine weld size a

1
Qpin = T n=0.251in

a, t

mazx

1
.—— =144 1in
16

With E70 electrodes,
Fpxx =70 ksi

1.5
F,,=0.6 Fpxx (1.0 +0.5 sin () )
¢:=0.75
¢an.Awe=¢FTL’LU.t€'L=¢an.COS <45°> 'a'L
For vertical weld

1.5
F,,=0.6Fpyy- (1.0 +0.5 sin (16°) ) =45.04 ksi

L:=b=31.251in

P,

=0.27in
¢+ Fpy,+cos (45« L

a"req =

For horizontal weld
1.5
F,,:=0.6+Fpyy- (1.0 +0.5 sin (90°) ) =63 ksi

L:=a=15.63 in

P,

=0.38in
¢+ Fpy,+cos (45°) - L

a"req =

Use 0.5 in. fillet weld for both sides
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(AISC Specification Table J2.4)

(AISC Specification J2.2)

(AISC Specification J2-4)
(AISC Specification J2.4)

Fillet weld strength



B.4 SOLUTION 16: CONCRETE INFILL WITH PARTIAL-DEPTH FRP ANCHORED
BY STEEL WALING (EXTERIOR)
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Bent 13 Solution 16 - Partial-Depth FRP for Exterior Girder

Design Problem:

Bent 13 has hanger and punching shear deficiency for exterior based on AASHTO LRFD (2014). FRP wraps
with concrete infill block between the girders will be designed to strengthen the bent cap. Following figures show
the steps of installation. The gaps between the girders will be infilled by concrete with through threadbar. FRP
wraps will be attached on the surface between the girders. Steel walings will be installed at the termination region
of the FRP wraps to provide anchorage.

/////////

[ ]

— Debonding Foam Sheet Through
T F:‘:]I Threadbar
.- i ‘-, ; w2
A e ]
— Th rough Infill _/ F
Threadbar Concrete
" Infill Concrete Block Block

(a) Infill concrete with through threadbar

i

[ ]

Steel

Waling ]
L]
\— FRP Wrap
(b) Attach FRP wrap with steel waling
The required load demand on the exterior ledge is
Vi eat = 247 kip (for single ledge)
FRP Wrap Design
1. Determine the deficiencies for single ledge
¢:=0.9 Strength reduction factor
Vu ext . .
Vid eat = ¢; —Vih_est = 76.44 kip Hanger deficiency
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Bent 13 Solution 16 - Partial-Depth FRP for Exterior Girder

Vu 1
% = v,

pd_ecat = " np_ext = 13.26 kip Punching shear deficiency

2. Determine the factored self-weight of the infill concrete blocks

Through threadbars will be used to provide location for steel waling to hold FRP wraps. Assume 1 in.
diameter threadbar will be used for the solution, then the height of the concrete block will need to be at
least 12 in. to enable the threadbars to have sufficient edge distance which is defined as 6 d. Considering
the constructability, the following geometry for the infill concrete block may be used for the solution.

Dimensions of infill concrete block

6'-8"
5-8" f“
|
F:|D¢ : -_-0'{7 )
_t ‘_‘\_ﬁ'
9" bl lor
6'-8"

Half weight of an infill concrete block will be distributed to exterior girder.

w,:=0.015 ki}: Unit self-weight of reinforced concrete
It
Vol,:=12.8 ft* Volume of single infill concrete block
W,:=1.25.0.5-w,+Vol,=0.12 kip Factored self-weight of infill concrete
block

3. Re-calculate the deficiencies for single ledge

W,
Vid_int = Vha_eat +—— = 76.58 kip Hanger deficiency
W,
Vodint = Vpd_eat T j =13.4 kip Punching shear deficiency
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4. Determine required FRP strength

Solution 16 - Partial-Depth FRP for Exterior Girder

The following FRP wrapping scheme for the exterior region is considered in this example.

4.1 FRP Part 1 and Part 2

Part 1 - U-wrap attached on the infill concrete
block with steel waling. Contribute strength to
hanger, ledge and punching shear.

Part 2 - Attached to the end of the bent cap.
Enclose entire inverted-T section. Contribute
strength to hanger, ledge and punching shear.

Part 3 - Attached on the end surface of the bent
cap. Vertically wrapping the web of the bent cap.
Contribute strength to hanger. (End region
anchorage is recommended. May use bandage
strip or mechanical/FRP anchors)

Part 4 - Attached on the end surface of the bent
cap. Horizontally wrapping the flange of the bent
cap. Assume no strength contribution.

- Determine effective width of FRP wraps within the distribution width of each term of capacities

.

troam bgirder

tfoa

beff

w
f2

FRP wraps will be attached from the edge of the girders. Therefore,
effective width of FRP wraps can be calculated by subtracting
bottom width of the girder and the thickness of debonding foam
sheet from the distribution width of each term of capacities.

Assume the thickness of the debonding foam sheet is 0.5 in.

toam = 0.5 in Thickness of debonding foam sheet

b =26 in Bottom width of the girders

girder *

Effective width of FRP can be calculated as

wf = beff - bgirder -2 tfoam

- Distribution width of each term of capacities

C:=221in

W+2d

b, et ::TerC: 49.5 in

Distance from center of bearing pad to
end of bent cap

Distribution width of hanger
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W+2d; _ o .
by eqt = Yy +C=49.51in Distribution width of punching shear

- Effective width of FRP wraps

W1, 7= by et = Bgirder — 2 * Lpoam = 22.5 in Effective FRP width within term of
hanger

Wy = by, eut = bgirder — 2 * Lpoam = 22.5 in Effective FRP width within term of
punching shear

- Effective strain of FRP wraps

ACI 440.2R - 08 recommends a bond-reduction coefficient to calculate effective strain of FRP for the
FRP systems that do not enclose the entire section. However, higher effective strain can be used for the
system that mechanical anchorages used at termination region but should not exceed 0.004. For this
solution, mechanical anchorages will be provided at termination point. Therefore, take FRP effective
strain as

€ 1:=0.004  (<=0.75-¢p,) (ACI 440.2R-08 Eq.11-6(a))

- Reduction factor for FRP based on wrapping schemes

1pf :=0.95 Reduction factor for U-wrap

- Strength contribution of FRP wrap

Vi tppewpeepor Bpety E;-t; is the tensile modulus per unit
width of FRP
Vi1 =ppwpEp 1+ Epety Strength contribution of Part I and 2 to

hanger capacity

Vip=thpewp,-€po 1+ Epety Strength contribution of Part I and 2 to
punching shear capacity

4.2 FRP Part 3
- Effective width of FRP wrap
Use same width as the web of the bent cap

Wi, eng =30 in

- Effective strain of FRP wraps

Assume end region anchorage (or bandage) will be provided to FRP Part 3
€ 2=0.004 (<=0.75-¢p,) (ACI 440.2R-08 Eq.11-6(a))

- Reduction factor for FRP based on wrapping schemes

1pf :=0.95 Reduction factor for U-wrap

B-31



Bent 13 Solution 16 - Partial-Depth FRP for Exterior Girder

- Strength contribution of FRP wrap

Strength contribution of Part 3 to
hanger capacity

Vi o= ¢f * W end* Efe 2 By ty
5. Determine required tensile modulus per unit width ( E,,;,:= E;-t;) of FRP wraps
- Required FRP tensile modulus (per unit)

Eum't =Ef’ tf

- Hanger

Vi =V 1+ Vi o=tpewp,€pe 1+ Epety+bpeWpy, eng*€pe o Efe by
Set V=V eat

Vi en ki
Eunitn = heeat =383.18 L

Yo W €pe 1+ W Wen_eng * €fe2 m

- Punching shear

Vip=tp wpy+ €+ By

Set Vi =Vd eat

Vo, ki
ket 15513 S

Yo Wyt Ege n

E

unit_p =

Maximum required E,,;, is

=383.18 1P

E =1max (Eum'tfh ) E in

unit_req * um‘tﬂv)

- Select FRP products from the TxDOT provided pre-qualified FRP product list

May use single layer of BASF C160.

- Specified properties of FRP

fru=150 ksi Ultimate tensile strength
E;:=10700 ksi Tensile modulus
t;:=0.08 in Nominal thickness
€f,+=0.014 Ultimate rupture strain
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- Check FRP strain limit

0.75-£;,=0.011 > g;,:=0.004 (O.K))

Reinforcement of Infill Concrete Block

1.Determine required longitudinal reinforcement

Solution 16 - Partial-Depth FRP for Exterior Girder

(ACI 440.2R-08 Eq.11-6(a))

The concrete blocks not likely subject to bending moment. Therefore, this design example will provide

minimum required longitudinal reinforcement

- Geometry of concrete block

b, =16.5 in
h, :=20.25 in
d,:=17.25 in
f'e:=3.6 ksi
=60 ksi

- Minimum flexure reinforcement
Af min = maximum of?
4
3
£y

200 pst
fy

b,+d,=0.85 in®

b,+d,=0.94 in®

Af in=0.94 in’

- Maximum spacing of longitudinal reinforcement
Sf maz =121

c

+1=2.69

s f_mazx

f_min

=0.16 in?

A =
fs_re
nf

Width of infill concrete block

Height of infill concrete block

Bottom width of the girders

Concrete strength (use same as the in-

service structure)
Yield strength of reinforcement steel

Required minimum flexure
reinforcement area

Required number of longitudinal bars
on each side of infill concrete block

Take integer

Required number of longitudinal
reinforcement

Required area of single longitudinal
bar
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Place #4 (A;,:=0.2 in* ) longitudinal bars at four corners of the concrete
block, and place one #4 longitudinal bar at half depth of the concrete block
on each side.

2. Determine required shear reinforcement

- Use double leg #5 stirrup

A,:=2-0.311n" =0.62 in’

- Concrete shear strength

V,i=2\/f, «b,-d, =34 kip

- Required spacing of stirrups

Sy req ;:M =8.7in
B Vhd?ezt - Vc

- Check maximum spacing of stirrups

Sy mae = Maximum of:
d, .
—=8.631n
2

Av'fy

— Y =500n
0.75-/f'. by,

A, -f,
’ f”=45z'n
50 b,,

Sy maz = 8-63 10

Consider the geometry of the concrete infill block, evenly place four #4 double leg stirrups at a
spacing of 8 in.
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Threadbar and Waling Design

1. Threadbar Design

Vi eot =maX (Vg ears Vipa_ear) = 76.44 kip Maximum deficiency
5'-1 An May need at least three threadbars to provide
2 uniform fixture to a 68 in. wide FRP wrap.

Try to use three threadbars.

- Shear demand for single threadbar

._ Vd,e:l:t

Vi single = =25.48 kip
] /
\ | o o o //
\
774 I 1% 1
\
|
|
- Shear capacity of single threadbar
Vnﬁsingle =0.6- fu * An
Use B7 Grade threadbar
fu=125ksi Tensile strength of B7 Grade threadbar
Vu single . 2 . . .
Ay peqi=—— =0.34in Required nominal area of single
- 0.6-f
u threadbar
Use 1 in. diameter B7 threadbar. (A4, g, =0.606 in® )
- Minimum spacing and edge distance
dy:=11in Diameter of threadbar
St min=6d,=61in Minimum spacing
Ste_min =6 dp=6in Minimum edge distance

Use of 6 in. edge distance from the top of the concrete block. For the constructability, use 12 in.
side edge distance.

Evenly space three 1 in. diameter B7 Grade threadbars at 21 in. with the edge distances of 12 in. and 8.5 in.
from the side and top. respectively.
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2. Waling Design

Use A36 Grade steel
F,:=36 ksi
- Required thickness for shear bearing
¢:=0.75 (AISC Specification J3.10)

V.

u_single

=—— =047
¢-2.0-d,-F,

treg?

- Required bearing area

‘AISC Specification J§
4. 0.65 (- pecifi )

Use 4" x 64" (A, =256 in” ) with 0.75 in. thickness continuous steel waling.
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B.5 SOLUTION 16: CONCRETE INFILL WITH PARTIAL-DEPTH FRP ANCHORED
BY STEEL WALING (INTERIOR)
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Design Problem:

Bent 13 has ledge flexure and hanger deficiency for interior based on AASHTO LRFD (2014). FRP wraps with
concrete infill block between the girders will be designed to strengthen the bent cap. Following figures show the
steps of installation. The gaps between the girders will be infilled by concrete with through threadbar. FRP wraps
will be attached on the surface between the girders. Steel walings will be installed at the termination region of the
FRP wraps to provide anchorage.

fat = 7

Al

Through
m % Threadbar

G u g n W H%%Z%%%%% AR A A AR A

‘ Debonding Foam Sheet

i . \. o 7 o .\ e . , o, n J e
Infill Concrete Block Through Threadbar cgmlrr;ll [ }
Block
(a) Infill concrete with through threadbar

Steel
Waling

(b) Attach FRP wrap with steel waling

The required load demand on the interior ledge is

Vi int =287 kip (for single ledge)
FRP Wrap Design

1. Determine the deficiencies for single ledge

¢:=0.9 Strength reduction factor
A7

Vi int = %ﬂt ~ Vs it =19.97 kip Ledge deficiency
A7

Vid int = uint _ Voh_int = 89.88 kip Hanger deficiency
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There are two terms that may control the hanger capacity of Bent 13. One accounts for hanger reinforcement
within the shear critical region, which considers a distribution width same as the girder spacing S. The other
accounts for combined concrete and hanger reinforcement contribution within flexural and shear critical
region. The distribution of the second term is defined by the width of the bearing pad and the effective depth
of the ledge, which is smaller than the distribution of the first term. The first term governs the hanger
capacity. However, both terms are not sufficient to resist the demand of Bent 13. The current solution is only
able to contribute strength to the second term of the hanger capacity, but does not work for the first term of
the hanger capacity. Bent 13 will still have hanger deficiency even if the solution strengthened the second
term of the hanger. Therefore, this design example will work out the solution for the ledge flexure
deficiency.

2. Determine the factored self weight of the infill concrete blocks

Through threadbars will be used to provide location to steel waling to hold FRP wraps. Assume 1 in.
diameter threadbar will be used for the solution, then the height of the concrete block will need to be at
least 12 in. to enable the threadbars to have sufficient edge distance which is defined as 6 d. Considering
the constructability, the following geometry for the infill concrete block may be used for the solution.

6'-8" Dimensions of infill concrete block
|i‘ 5'_8" /‘6"
Ap
_t 1—_\<|'
L7 = P | T %
Q"/L 5'_2"‘ J/g"
6'_8"
kip . . .
w,:=0.015 —~ Unit self-weight of reinforced concrete
It
Vol,:=12.8 ft* Volume of single infill concrete block
W,:=1.25-w,+Vol.,=0.24 kip Factored self-weight of infill concrete
block

3. Re-calculate the deficiencies for single ledge

w,
Viga_int = Viga im + j =20.24 kip Ledge deficiency
W, _ .
Vha int =V int + r =90.15 kip Hanger deficiency
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4. Determine the effective width of FRP wraps within the distribution width of each term of capacities

- Distribution width of each term of capacities

b, it F= TN <W+ 5 ay, S) =71 in Distribution width of ledge flexure

by, i =W +2d;=55in Distribution width of punching shear

FRP wraps will be attached from the edge of the girders.
Therefore, effective width of FRP wraps can be calculated
by subtracting bottom width of the girder and the thickness
e 2 py 2 z of debonding foam sheet from the distribution width of each
term of capacities.

E Assume the thickness of the debonding foam sheet is 0.5 in.

/ /
toam = 0.5 in Thickness of debonding foam sheet
g byirder =26 in Bottom width of the girders
Effective width of FRP can be calculated as
troam bgirder toam Wr=bopr— Bgirger — 2 * toam
wi/2 W;/2
beff

- Effective width of FRP wraps

Wip = by iy = Ogirder — 2+ Lpoam = 44 in Effective FRP width within term of
ledge flexure
5. Determine required tensile modulus per unit width ( E,,;,:= E;- t;) of the FRP wraps

- Effective strain of FRP wraps

ACI 440.2R - 08 recommends a bond-reduction coefficient to calculate effective strain of FRP for the
FRP systems that do not enclose the entire section. However, higher effective strain can be used for the
system that mechanical anchorages used at termination region but should not exceed 0.004. For this
solution, mechanical anchorages will be provided at termination point. Therefore, take FRP effective
strain as

€p,=0.004 (<=0.75-¢,) (ACI 440.2R-08 Eq.11-6(a))

- Reduction factor for FRP based on wrapping schemes

1pf :=0.95 Reduction factor for U-wrap
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- Strength contribution of FRP reinforcement
Vy=tppewyepeEpety
- Required FRP tensile modulus (per unit length)
Vs

Eunit=Ef. tf=7
PprwpeEe

- Determine required FRP tensile modulus (per unit) for each term of capacities

Vit i ki

Eunitilf = M =121.03 "Lp
1/’f’ Wip* Efe mn
kip

Eum’t;req = Eum’tﬁlf =121.03 —_—
m

- Select FRP products from the TxDOT provided pre-qualified FRP product list

May use single layer of BASF C160.
- Specified properties of FRP

fru=150 ksi Ultimate tensile strength
E;:=10700 ksi Tensile modulus
t;:=0.08 in Nominal thickness
€f,+=0.014 Ultimate rupture strain

- Check FRP strain limit
0.75-£;,=0.011 > g;,:=0.004 (OK)) (ACI 440.2R-08 Eq.11-6(a))

Reinforcement of Infill Concrete Block

1. Determine required longitudinal reinforcement

The concrete blocks not likely subject to bending moment. Therefore, this design example will provide
minimum required longitudinal reinforcement

- Geometry of concrete block

b,=16.5 in Width of infill concrete block

h.:=20.25 in Height of infill concrete block

d,:=17.25in Bottom width of the girders

f.:=3.6 kst Concrete strength (use same as the
in-service structure)

fy=060 ksi Yield strength of reinforcement steel
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- Minimum flexure reinforcement

Af min = maximum of?
ERV
fy

200 pst
fy

b,+d,=0.85 in”

b,+d,=0.94 in®
Af in=0.94 in’
- Maximum spacing of longitudinal reinforcement

Sf maz =12 n

c

h,
Ny = +1=2.69
Sfimaz

f_min

Ay o= =0.16 in’

ny

on each side.

2. Determine required shear reinforcement

- Use double leg #5 stirrup

A,:=2.0.311n" =0.62 in’

B-42
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Required minimum flexure
reinforcement area

(ACI 318-14)

Required number of longitudinal bars
on each side of infill concrete block

Take integer

Required number of longitudinal
reinforcement

Required area of single longitudinal
bar

% Place #4 (A;,:=0.2 in* ) longitudinal bars at four corners of the concrete

block, and place one #4 longitudinal bar at half depth of the concrete block
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- Concrete shear strength
V,i=2.7/f, +b, - d, =34 kip

- Required spacing of stirrups

Sy req= M =8.71in
Vlfdjnt - Vc

- Check maximum spacing of stirrups

Sy mae = Maximum of:
déf .
—=8.631n
2

A,
17fy=50 in
0.75 4/ f". by,

Av'fy
50 b,

=45 1in

Sy maz = 8-63 10

Consider the geometry of the concrete infill block, evenly place four #4 double leg stirrups at a
spacing of 8 in.

Threadbar and Waling Design
1. Threadbar Design

Vi int = Viga_int = 20.24 kip Maximum deficiency

51 A May need at least three threadbars to provide
2 uniform fixture to a 62 in. wide FRP wrap.

Try to use three threadbars.

y - Shear demand for single threadbar

._ Vd,int
_single *—

v, =6.75 kip

A
S~
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- Shear capacity of single threadbar

Vnﬁsingle =0.6- fu ¢ An

Use B7 Grade threadbar

fui=125 kst Tensile strength of B7 Grade threadbar
Vu single . 2 . . .

Ap pegi=————=0.09in Required nominal area of single
0.6+, threadbar

Use 1/2 in. diameter B7 grade threadbar (A, ;. :=0.142 in®).

- Minimum spacing and edge distance

dy:=0.5 in Diameter of threadbar

St min'=6 dy =3 in Minimum spacing

Ste_min =6 dy=3in Minimum edge distance
% b &

Use of 6 in. edge distance from the top of the concrete block. For the constructability, use 12 in.
side edge distance.

Evenly space three 1/2 in. diameter B7 Grade threadbars at 21 in. with the edge distances of 12 in. and 6 in.
from the side and top. respectively.

2. Waling Design

Use A36 Grade steel

F,:=36 ksi

- Required thickness for shear bearing
¢:=0.75 (AISC Specification J3.10)

V.

u_single

=———=0.251n
¢-2.0-d,-F,

treg?
- Required bearing area

¢.:=0.65 (AISC Specification J8)

Use 4" x 61.5" (A, =246 in> ) with 0.25 in. thickness continuous steel waling.
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B.6 SOLUTION 17: CONCRETE INFILL WITH FULL-DEPTH FRP ANCHORED BY
STEEL WALING (EXTERIOR)
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Design Problem:

Bent 13 has hanger and punching shear deficiency for exterior based on AASHTO LRFD (2014). FRP wraps
with concrete infill block between the girders will be designed to strengthen the bent cap. Following figures show
the steps of installation. The gaps between the girders will be infilled by concrete with through threadbar. FRP
wraps will be attached on the surface between the girders. Steel walings will be installed at the termination region
of the FRP wraps to provide anchorage.

Debonding Foam Sheet Infill Concrete Block ’7
i e B s O
- \ '/.". iyl g T seedls— Debonding
T P i Foam
N ¥:T°qgg‘ i P Through _/ . L .y Sheet
;e S LNEAtRAn oy T Threadbar . ..
% g e * i . 1 Anchoring
c G S " g - 4 Threadbar
EL Infill —|| 4= “+
) ‘ Aﬁchoring = =
Threadbar Bleck
(a) Infill concrete with through threadbar
Steel Waling H
= =8
Sleelj T
H Waling & et
I=i| LI
WI/MW’A-‘E" ﬁlgl=||=|||"=|" T ||"||V T ﬁlﬁﬁ% =
[=I1 Ll
%:I % = ﬂ{?l’ ;ﬁ'ﬁf
FRP Wrap \—FRP Wrap
(b) Attach FRP wrap with steel waling
The required load demand on the exterior ledge is
Vi eat = 247 kip (for single ledge)
FRP Wrap Design
1. Determine the deficiencies for single ledge
¢:=0.9 Strength reduction factor
Vu ext . .
Vid et = d; —Vih_est = 76.44 kip Hanger deficiency
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V.

u_ext
Vpdiezt = ¢ - Vnpﬁez

,=13.3 kip Punching shear deficiency

2. Determine the factored self-weight of the infill concrete blocks

6'-8" Dimensions of infill concrete block
6“ 5!_8“ 6"
©
©|
o -
(e>) )
i) - "
< s 4
= X \
o \
—I<+
T % 7

gvlﬂL 51_2" /‘,/9"
6'_8"

Half weight of an infill concrete block will be distributed to exterior girder.

w,:=0.015 kif Unit self-weight of reinforced concrete
It
Vol,:=39.8 ft* Volume of single infill concrete block
W,:=1.25.0.5-w,+Vol,=0.37 kip Factored self-weight of infill concrete
block
3. Re-calculate the deficiencies for single ledge
W, .
Vidint = Vid_ext + 7 =76.86 kip Hanger deficiency
WC . . .
Vod int = Vpd_eat + 7 =13.68 kip Punching shear deficiency
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4. Determine required FRP strength

The following FRP wrapping scheme for the exterior region is considered in this example.

Part 1 - U-wrap attached on the infill concrete
block with steel waling. Contribute strength to
hanger, ledge and punching shear.

Part 2 - Attached to the end of the bent cap.
Enclose entire inverted-T section. Contribute
strength to hanger, ledge and punching shear.

Part 3 - Attached on the end surface of the bent
cap. Vertically wrapping the web of the bent cap.
Contribute strength to hanger. (End region
anchorage is recommended. May use bandage

K} M e /‘ \ i . .
B 7 Iig strip or mechanical/FRP anchors)
R L
‘ Sl . -~ Part 1
\ S, \ i ’,a’

= Part 4 - Attached on the end surface of the bent

/\4\ VK/ _ cap. Horizontally wrapping the flange of the bent
Part 3 v Bandage Strip cap. Assume no strength contribution.
Part 4

4.1 FRP Part 1 and Part 2

- Determine effective width of FRP wraps within the distribution width of each term of capacities

effective width of FRP wraps can be calculated by subtracting
| bottom width of the girder and the thickness of debonding foam
sheet from the distribution width of each term of capacities.

H FRP wraps will be attached from the edge of the girders. Therefore,

Assume the thickness of the debonding foam sheet is 0.5 in.

toam = 0.5 in Thickness of debonding foam sheet

b =26 in Bottom width of the girders

girder *

Effective width of FRP can be calculated as

tfoam bgirder tfoa m

wf = beff - bgirder -2 tfoam

beff

- Distribution width of each term of capacities

C:=221in Distance from center of bearing pad to
end of bent cap
W+2d; ) o
bp_eqr = —  F C=49.5in Distribution width of hanger
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W+2d; _ o .
by eqt = Yy +C=49.51in Distribution width of punching shear

- Effective width of FRP wraps

W1, 7= by ext = Bgirder — 2 * Lpoam = 22.5 in Effective FRP width within term of
hanger

Wy = by, eut = bgirder — 2 * Lpoam = 22.5 in Effective FRP width within term of
punching shear

- Effective strain of FRP wraps

ACI 440.2R - 08 recommends a bond-reduction coefficient to calculate effective strain of FRP for the
FRP systems that do not enclose the entire section. However, higher effective strain can be used for the
system that mechanical anchorages used at termination region but should not exceed 0.004. For this
solution, mechanical anchorages will be provided at termination point. Therefore, take FRP effective
strain as

€ 1:=0.004  (<=0.75-¢p,) (ACI 440.2R-08 Eq.11-6(a))

- Reduction factor for FRP based on wrapping schemes

1pf :=0.85 Reduction factor for U-wrap

- Strength contribution of FRP wrap

V= tppewpeepor Epety E;-t; is the tensile modulus per unit
width of FRP
Vi1 =ppwpEp 1+ Epety Strength contribution of Part I and 2 to

hanger capacity

Vip=thpewp, €po 1+ Epety Strength contribution of Part I and 2 to
punching shear capacity

4.2 FRP Part 3
- Effective width of FRP wrap
Use same width as the web of the bent cap

Wi, eng =30 in

- Effective strain of FRP wraps

Assume end region anchorage (or bandage) will be provided to FRP Part 3
€ 2=0.004 (<=0.75-¢p,) (ACI 440.2R-08 Eq.11-6(a))

- Reduction factor for FRP based on wrapping schemes

1pf :=0.95 Reduction factor for U-wrap
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- Strength contribution of FRP wrap

Vi o= Wy ena* e 2+ Bty Strength contribution of Part 3 to
hanger capacity

5. Determine required tensile modulus per unit width ( E,,;, := E;-t;) of FRP wraps
- Required FRP tensile modulus (per unit)
E=Ep-t;
- Hanger
V=Vt Vo=t wme e 1 Epoty+ Yy Wpn ena* €pe 2+ Byt
Set V=V eat

Vi en ki
Eunitn = heeat =383.18 L

Yo W €pe 1+ W Wen_eng * €fe2 m

- Punching shear
Vip =ty €1 Epety

Set Vi =Vd_eat

V])(Le;tt —155.13 klp

Vs Wip* e i

E

unit_p =

Maximum required E,,;, is

—383.18 P
m

E =max (E unit_h» E

unit_req : um‘tﬂv)

- Select FRP products from the TxDOT provided pre-qualified FRP product list

May use single layer of BASF C160.

- Specified properties of FRP

fru=150 ksi Ultimate tensile strength
E;:=10700 ksi Tensile modulus
t;:=0.08 in Nominal thickness
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€f,+=0.014 Ultimate rupture strain
- Check FRP strain limit
0.75-£;,=0.011 > g;,:=0.004 (O.K.) (ACI 440.2R-08 Eq.11-6(a))

Reinforcement of Infill Concrete Block

1.Determine required longitudinal reinforcement

The concrete blocks not likely subject to bending moment. Therefore, this design example will provide
minimum required longitudinal reinforcement

- Geometry of concrete block

b,=16.5 in Width of infill concrete block

h.:=56.75 in Height of infill concrete block

d,:=54.25 in Bottom width of the girders

f.:=3.6 kst Concrete strength (use same as the
in-service structure)

fy=060 ksi Yield strength of reinforcement steel

- Minimum flexure reinforcement
Af min = maximum of?
4
3.
£y

200 pst
fy

b, +d,=2.69 in®

b, +d,=2.98 in®

.92 . .o
Af min=2.98 in Required minimum flexure
reinforcement area

- Maximum spacing of longitudinal reinforcement

SfJnaz =12 n

h.
Mypi=———+1=5.73 Required number of longitudinal bars
Sf_max on each side of infill concrete block
N, =6 Take integer
npi=m,,-2=12 Required number of longitudinal
reinforcement
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_ A f_min

Afs e = =0.25 in’ Required area of single longitudinal
n
f

bar

Place #5 (A;,:=0.3 in” ) longitudinal bar at four corners of the concrete block,

and evenly place four #5 longitudinal bars along the height of the concrete
block on each side.

2. Determine required shear reinforcement
- Use double leg #4 stirrup
A,:=2:02in*> =0.4in®
- Concrete shear strength
V,:=2.\/f, +b,-d, =107 kip
- Required spacing of stirrups

Sy req ;:M =651 in
N Vhd?ezt - Vc

- Check maximum spacing of stirrups

s = maximum of’

v_max

déﬁ
—~=27.13in
2

A,
17fy=32 in
0.75 4/ f". by,

Av'fy
50 b,

=29 1in

Sy maz = 27-13 in

Consider the geometry of the concrete infill block, evenly place four #4 double leg stirrups at a spacing
of 18 in.
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Threadbar and Waling Design

1. Threadbar Design

Vi eot =maX (Vg ears Vipa_ear) = 76.44 kip Maximum deficiency
5'_8" .
‘ | May need at least three threadbars to provide
‘ uniform fixture to a 68 in. wide FRP wrap.
Try to use three threadbars.
A o o °
{
‘ - Shear demand for single threadbar
|
| Vi
“\ 2 Vufsingle = dent =25.48 klp
U 7
| o L o
172 N EEEEEEEEEEETE . A
- Shear capacity of single threadbar
Vnﬁsingle =0.6- fu ¢ An
Use B7 Grade threadbar
fui=125 kst Tensile strength of B7 Grade threadbar
u_single . . . .
A req= 0.6-f =0.34 in’ Required nominal area of single
Pt threadbar
Use 1 in. diameter B7 threadbar. (A4, g, :=0.606 in® )
- Minimum spacing and edge distance
dy:=11in Diameter of threadbar
St min*=6 dy =6 in Minimum spacing
Ste_min=0 dy =6 in Minimum edge distance

Use of 6 in. edge distance from the top of the concrete block will provide the most effective end anchorage
to FRP wraps. However, to avoid the flexure reinforcement provided at the top of the stem, the through
threadbars need to be at least 8 in. away from the top of the concrete block.

For the constructability, use 12 in. side edge distance.

Evenly space three 1 in. diameter B7 Grade threadbars at 21 in. with the edge distances of 12 in. and 8.5 in.
from the side and top. respectively.
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2. Waling Design

Use A36 Grade steel
F,:=36 ksi
- Required thickness for shear bearing
¢:=0.75 (AISC Specification J3.10)

V.

u_single

=—— =047
¢-2.0-d,-F,

treg?

- Required bearing area

‘AISC Specification J§
4. 0.65 (- pecifi )

Use 4" x 68" (A,:=272in” ) with 0.75 in. thickness continuous steel waling.

B-54



B.7 SOLUTION 17: CONCRETE INFILL WITH FULL-DEPTH FRP ANCHORED BY
STEEL WALING (INTERIOR)
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Bent 13

Solution 17 - Full-Depth FRP for Interior Girder

Design Problem:

Bent 13 has ledge flexure and hanger deficiency for interior based on AASHTO LRFD (2014). FRP wraps with
concrete infill block between the girders will be designed to strengthen the bent cap. Following figures show the
steps of installation. The gaps between the girders will be infilled by concrete with through threadbar. FRP wraps
will be attached on the surface between the girders. Steel walings will be installed at the termination region of the
FRP wraps to provide anchorage.

Through Threadbar

Debonding Foam Sheet

Infill Concrete Block

Steel Waling

The required load demand on the interior ledge is

Vo im = 287 kip

FRP Wrap Design

1. Determine the deficiencies for single ledge

¢:=0.9

v, fd_int =~ —

Vi int =

V.

u_int

u_int

I e =
= i ;
" = stl5— Debonding
5 " g Foam

Through | ' '1 - Sheet
Threadbar ; L P
: . -4 Anchoring
i / Threadbar
Infill |} = o |
Concrete —
Anchoring Threadbar Block [ }
(a) Infill concrete with through threadbar
i (I
‘ o T
Steel—/l ,. o
Waling P -
\l \I I\ W
\I k|
‘ e )|
N FRP Wrap

(b) Attach FRP wrap with steel waling

(for single ledge)

Vs i = 19.97 kip

Strength reduction factor

Ledge deficiency

Hanger deficiency
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2. Determine the factored self-weight of the infill concrete blocks

618 Dimensions of infill concrete block
Il/ 5!_8" 6!'
©
ED \\ 2

AN
O;) )

= L/ /
A

AT vz 7 a 1
9"/" 5'_2" /Lg"
6'_8"
kip . . .
w,:=0.015 —~ Unit self-weight of reinforced concrete
It
Vol,:=39.8 ft* Volume of single infill concrete block
W,:=1.25-w,+Vol,=0.75 kip Factored self-weight of infill concrete
block
3. Re-calculate the deficiencies for single ledge
WC . .
Vigdint = Viga it + 7 =20.8 kip Ledge deficiency
WC . .
Vid int = Vhd_int + ? =90.71 kip Hanger deficiency

4. Determine the effective width of FRP wraps within the distribution width of each term of capacities

- Distribution width of each term of capacities

b, it =TT <W+ 5 ay, S) =71 in Distribution width of ledge flexure

by, iy =W +2 d;p=55in Distribution width of hanger
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FRP wraps will be attached from the edge of the girders.
Therefore, effective width of FRP wraps can be calculated
by subtracting bottom width of the girder and the thickness
e Z 2 z of debonding foam sheet from the distribution width of each
term of capacities.

Assume the thickness of the debonding foam sheet is 0.5 in.

/ toam = 0.5 in Thickness of debonding foam sheet

s b =26 in Bottom width of the girders

girder *

Effective width of FRP can be calculated as

tfoam bgirder tfoam wf = beff - bgirder -2 tfoam

wWy/2 wW;/2

beff

- Effective width of FRP wraps

Wip = by iy = Ogirder — 2+ Lpoam = 44 in Effective FRP width within term of
ledge flexure

Wit = by it = Dgirder — 2 * Lo = 28 in Effective FRP width within term of
hanger

5. Determine required tensile modulus per unit width ( E,,;,:= E;- t;) of the FRP wraps

- Effective strain of FRP wraps

ACI 440.2R - 08 recommends a bond-reduction coefficient to calculate effective strain of FRP for the
FRP systems that do not enclose the entire section. However, higher effective strain can be used for the
system that mechanical anchorages used at termination region but should not exceed 0.004. For this
solution, mechanical anchorages will be provided at termination point. Therefore, take FRP effective
strain as

€p,:=0.004 (<=0.75-¢,) (ACI 440.2R-08 Eq.11-6(a))

- Reduction factor for FRP based on wrapping schemes

1pf :=0.95 Reduction factor for U-wrap

- Strength contribution of FRP reinforcement

V= ppewpe e Epety

- Required FRP tensile modulus (per unit length)

E, . =Et Vi
unit — f. f=7
PprwpeEse
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- Determine required FRP tensile modulus (per unit) for each term of capacities

B _ Vigaint 124.39 kip
wnit_If = = 09 ——
YpewyeEpe n
E . Vhd,int —852.51 k’Lp
wnit_h = — . .
Yo Wype Ege mn
kip
Eum’t;req =max (Eum'tflf 9 Eunit?h) =852.51 W

- Select FRP products from the TxDOT provided pre-qualified FRP product list

May use two layers of BASF C160.

- Properties of FRP Strip

fru="580 ksi Ultimate tensile strength
E;:=33400 ksi Tensile modulus
tp:=0.04 in Nominal thickness
€f,+=0.017 Ultimate rupture strain

- Check FRP strain limit
0.75.£;,=0.01 > £;,:=0.004 (O.K.) (ACI 440.2R-08 Eq.11-6(a))

Reinforcement of Infill Concrete Block

1. Determine required longitudinal reinforcement

The concrete blocks not likely subject to bending moment. Therefore, this design example will provide
minimum required longitudinal reinforcement

- Geometry of concrete block

b,=16.5 in Width of infill concrete block

h,:=56.75 in Height of infill concrete block

d,:=54.25 in Bottom width of the girders

f.:=3.6 kst Concrete strength (use same as the
in-service structure)

fy=060 ksi Yield strength of reinforcement steel
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- Minimum flexure reinforcement

Af min = maximum of?
ERV
fy

200 pst
fy

b, +d,=2.69 in®

b,+d,=2.98 in®
Af pin=2.98 in’
- Maximum spacing of longitudinal reinforcement

Sf maz =12 n

(4

h,
My 1= +1=5.73
Sfimaz

Solution 17 - Full-Depth FRP for Interior Girder

Required minimum flexure
reinforcement area

(ACI 318-14)

Required number of longitudinal bars
on each side of infill concrete block

Take integer

Required number of longitudinal
reinforcement

Ap
Afg o= Lmin 0,25 in? Required area of single longitudinal
ny bar
Place #5 (A;,:=0.3 in* ) longitudinal bars at four corners of the concrete
I block. and evenly place four #5 longitudinal bars along the height of the
LI concrete block on each side.
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2.Determine required shear reinforcement

- Use double leg #4 stirrup
A,:=2:02in*> =0.4in”

- Concrete shear strength
V,:=21/f, +b,+d, =107 kip

- Required spacing of stirrups

Ay fyede

s - - Y =
Vlfdjnt - Vc

v_req "

=651 in

- Check maximum spacing of stirrups

Sy mae = Maximum of:

de
—~=27.13in
2

A,-
‘ fy =321in
0.75 4/ f". by,

Av'fy
50 b,

=29 1in

Sy maz = 27-13 in

Solution 17 - Full-Depth FRP for Interior Girder

Consider the geometry of the concrete infill block, evenly place four #4 double leg stirrups at a

spacing of 18 in.

Threadbar and Waling Design
1. Threadbar Design

Vi ing =103X (Vigq_int s Vaa_int) = 90.71 kip

5|_8||
K //' o o o N
\
i
1
‘
l
N =
; o D °
v 77 ZH EIEIETEEEEEEIETEE v 77 A
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Maximum deficiency

May need at least three threadbars to provide
uniform fixture to a 68 in. wide FRP wrap.

Try to use three threadbars.

- Shear demand for single threadbar

. Vd,int
Vufsingle =

=30.24 kip



Bent 13 Solution 17 - Full-Depth FRP for Interior Girder

- Shear capacity of single threadbar

Vnﬁsingle =0.6- fu * An

Use B7 Grade threadbar

fui=125 kst Tensile strength of B7 Grade threadbar
Vu single .2 . . .

Apyegi=————=041n Required nominal area of single
0.6+, threadbar

Use 1 in. diameter B7 grade threadbar (A4, .= 0.606 in® ).

- Minimum spacing and edge distance

dy:=11in Diameter of threadbar
St min*=6 dy =6 in Minimum spacing
Ste_min=0 dy="6in Minimum edge distance

Use of 6 in. edge distance from the top of the concrete block will provide the most effective end
anchorage to FRP wraps. However, to avoid the flexure reinforcement provided at the top of the
stem, the through threadbars need to be at least 8 in. away from the top of the concrete block.

For the constructability, use 12 in. side edge distance.

Evenly space three 1 in. diameter B7 Grade threadbars at 21 in. with the edge distances of 12 in. and 8.5 in.
from the side and top. respectively.

2. Waling Design

Use A36 Grade steel
F,:=36 ksi
- Required thickness for shear bearing
¢:=0.75 (AISC Specification J3.10)

V.

u_single

=—————=0.56in
$+2.0-d,-F,

treg
- Required bearing area

¢.:=0.65 (AISC Specification J8)

V(Lint

————=54.8in’
¢.+0.85-F,

Ay peq=

Use 4" x 68" (A,:=272in” ) with 0.75 in. thickness continuous steel waling.
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Bent 13 Solution 18 - Large Bearing Pad

Design Problem:

Bent 13 has punching shear deficiency for exterior girders. The proposed solution, use of increased size
bearing pad, is mainly expected to increase the punching shear capacity of the bent cap by increasing the load
distribution area. The solution may also increase the ledge flexure and hanger capacity of the bent cap. But the
strength increase will not be as effective as the punching shear. The solution will be designed for the punching
shear deficiency.

Punching Shear Capacity Calculation
The proposed equations for punching shear capacity calculation are shown below.
Interior

Vi in1i=0.125+\[f'o o ksi « (W+2+L+2+d;-cot (35 °)) - dy

Exterior

Vv = minimum of:

np_ext

0.1251/f', - ksi + (0.5-W + L+ ds+ cot (35 °) + C) - d;

0.125+\/f,+ ksi « (W+2+L+2-dg-cot (35 °)) - ds

The underlined terms in the above equations are the effective perimeter of the concrete failure surface.
Increase of bearing pad dimension (i.e. Wand L) will increase the effective perimeter of the failure surface
and hence, increase the punching shear capacity. In this design example, the terms of effective perimeter will
be defined as p, and the increment of the effective perimeter will be defined as Ap.

Required Increment of Bearing Pad Dimension

1. Load demands on exterior single ledge
Vi eat 1= 247 Kip (for single ledge)

2. Determine the deficiencies for exterior single ledge (V)

¢:=0.9 Resistance factor
Vu,ezt

¢

3. Determine required effective perimeter increment Ap

\4

pd_ext =

~Vip_eat = 13.3 kip Punching shear deficiency for exterior

The relation between deficiency V,, and Ap can be expressed as

pa=0.125-4/f .- ksi « Ap - dy

\4

From the above equation, Ap can be calculated as

Ap = Vpd

0.125\/f, - ksi - d;

Vpd,ewt

Ap t =
o 0.125 -1/ f. - ksi - d;

APeyt_reg=3-3 11 Required effective perimeter increment
for exterior
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4. Determine increment of bearing pad dimension

Degt = lesser of:
0.5+W+L+d;-cot (35 °) +C=64.8 in
W+2-L+2-d;-cot(35°)=85.6 in
Pext=0.5-W+L+d;-cot(35°)+C  (d; and C is constant)
Therefore,

Ap,y=0.5+ AW + AL

Try increasing W by 1 in. and L by 1.5 in. on each side.

AW, i=2+1in=21in AL,;:=2+15in=31in

Increment of interior effective perimeter of the concrete failure surface

Apouyi=0.5+ AWy + ALy, =4 in

- Check exterior punching shear capacity with increased bearing pad dimension
W= W+ AW,,, =23 in
L, =L+AL,,=111in
Vo cat = 0125« \[f o ks + (0.5 W,y + Ly + dy - cot (35 °) +C) + dyp = 277.3 kip

&V ear =249.6 kip > Vo e =247 kip (O.K)
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Bent 22 Solution 3 - End-Region Stiffener

Design Problem:

Bent 22 has hanger and punching shear deficiencies with anhorage zone reduction factor at exterior girder
locations based on AASHTO LRFD (2014). End-region stiffener provides alternative load paths so that it can
improve the exterior bent capacity.

The required load demands on the exterior ledges are shown below:

Vi ear =207 kip (for single ledge)
Vutiezt = Vuiezt +2=414 klp (for both ledges)
My ot =V eat* @+ 0.2V gy <hm - deim> =141.45 kip - ft Concurrent ledge moment on a single ledge

Speficy Web Anchor

1. Determine the required shear force for the web anchors(V; ., )

¢:=0.8 Strength reduction factor for normal weight
% concrete in anchorage zone (AASHTO 5.5.4.2)
Vah_ewt = wert Voh_ext = 44.81 kip Hanger deficiency

Vi req™=2* Vi ex =89.61 kip
Try 1 in. diameter epoxy anchor with B7 threadbar
2. Determine required number of anchors
- As an example, epoxy anchor with B7 threadbar manufactured by Williams Form Inc. may be used.

Properties of 0.875 in. diameter epoxy anchor

d,=0.875in Anchor diameter

A, =0.464 in®

Fya=105 ksi

Fup =125 ksi

T:=A,-f,, =58 kip Design load = tensile strength (Williams Form)
W, :=31 kip Working load (Williams Form)

hep:=16 in Embedded depth (Williams Form)
Vsw=0.6+T=34.8 kip Shear strength

dp=d, +% in=1in Hole size

Required number of anchors on the web
¢, :=0.65

Strength reduction factor for post-installed
anchors with Category 2 (ACI 318-14 17.3.3)

Vh,,'re q

——=3.96
¢a°Vs3w

n:%wi'req =

Try 4 anchors on the webn,, =4

% Anchors on the ledges may not contribute for shear resistance but hold the end plate. Thus, in this design example,

anchors on the ledges are not accounted for in resisting shear force but accounted for in resisting pullout tension
force on the ledges.



Bent 22 Solution 3 - End-Region Stiffener
3. Determine layouts of the anchors 4
Sy min=6+d,=5.25in Minimum spacing =
B 9
. 1 Uisooelr 7 c,.. =155 in
Cymin = maximum of Minimum edge distance = )
w
. % Cooni=91in
1.5 in 8 .
Sunin =6+, 7 heeolies)
6-d, = //%
Caﬁmin =7.51n Sasv =15 1in g

Try layouts shown in figure

4. Check that the shear capacity of web anchors is greater than the demand

- According to ACI 318-14, anchors in shear should be checked for steel strength, concrete breakout strength,

and concrete pryout strength.

Steel Strength of Anchor

Venz = Vigw * N = 139.2 kip
Go* Vi3 =90.48 kip > Vi req=89.61 kip

Concrete Breakout Strength of Anchor

S, =3 Cop =27 in
min <Sasv ) Sash) < Scr

Vcbii = Vcbg <2

- AVc
Vcbg = T 'z/}eciv * wediv ¢ chJ * whfv * Vb
Veo

Aygyi=4.5+(Coy)? =364.5 in’
AVc = <Sash +2. Cash) <Casv + Sasv +3+1.5 h‘ef> =2535 inz >

take Ay, :=1458 in®
A, =1.0

V, = minimum of

d

(0K)

Critical spacing (ACI 318-14 17.2.1.1)

Group effect shall be considered

Concrete breakout strength for shear loading
parallel to an edge

Concrete breakout strength for shear loading
perpendicular to an edge on a group of anchors

Projected area for single anchor in deep member
in the direction perpendicular to the shear force

_, Projected area of the failure
N0y * Ayeo = 1458 1" g firce on the side of the
concrete member at its edge
for a group of anchors

Modlification factor to reflect the reduced
mechanical properties of light weight concrete

Basic concrete breakout strength value
for a single anchor

h 0.2
Vi 1= (7( ef] -\/da] Au*\/ £+ 1000 psi « (Cg) *° = 599.85 kip

a
1

Vipi=9in > +Ay+\[f.+ 1000 psi + (C,y) " = 461.06 kip
Vyi=min (Vi , Vi) = 461.06 kip
oo pi=1.0

1ped7v =1.0

Modlification factor for anchor groups loaded
eccentrically

Modlification factor for edge effect



Bent 22

1pc7v =14
whfv =1.0
VCbg: d]ec v 1»be:d v d’c v "/Jh v Vb_ 2581.94 klp
AVco
¢a cbg — =1678.26 klp > th‘eq =89.61 klp

Concrete Pryout Strength of Anchor

Vepg=kep*Nepg

kep=2.0
ANL

Ncpg ¢ec . Na * wed Na * ¢cp Na Nba
ANco

Tuner = 1640 psi

Tunes
Na =100 dg A | —T  =10.68 in
1100 psz

Ango= (2" cNa>2 =456.59 in’

Anei= (Sasn+ 2+ Cogp) (2 Cng + 3+ Sug) = 1991.04 in®
A, =1826.36 in®
Npo:=Ag* Tuper * T+ dj » hep=82.44 kip

wecha =1.0

ash

c
Peg Na=0.7+0.3 — =0.95

CNa
1pcp7Na = ﬂ =0.84
CNa

AN(,
Ncpg = 1pec _Na* 1»be:d  Na * ¢cp Na 'Nba =264.63 klp

ANEO
Noy3:=kep+ Ny, = 529.27 kip
G+ Nops = 344.02 kip > Vi req=89.61 kip

Increased hanger capacity for single ledge

¢V§h =min <¢a sn3 s d)a

cbg » d)a cpi) =90.48 klp

OV
¢Vnh =

+ ¢+ Vi eor =216.39 kip

Solution 3 - End-Region Stiffener

Modlification factor for cracking effect at service

Modlification factor for anchors located in
narrow concrete member

(0K)

Concrete pryout strength
"k, " is 2.0 for effective embedded length of

anchor larger than 2.5 in.

Lesser of bond strength of anchor and concrete
breakout strength of anchor in tension

Characteristic bond stress in un-cracked

concrete

Rectilinear area that projects outward a distance

Projected area for single anchor in deep member
in the direction perpendicular to the shear force
Projected area of the failure

— i 2
7 Mgt Aneo =1826.36 0" 1t on the side of the

concrete member at its edge

for a group of anchors
Basic bond strength of a single adhesive anchor
in tension in cracked concrete

Modlification factor for anchor groups loaded
eccentrically
Modlification factor for edge effect

Modlification factor for adhesive anchors designed
for uncracked concrete without supplementary
reinforcement to control splitting

(0K)



Bent 22 Solution 3 - End-Region Stiffener

Specify Ledge Anchor

1. Determine the required shear force for the webanchors( V., )

- Since the anchor hole for the ledge anchor is deeper than holes for the web anchor, use anchors with smaller diameter.
- As an example, 1/5 in. diameter epoxy anchor with B7 threadbar manufactured by Williams Form Inc. may be used

- To ensure embedded depth is not affected by cracking on the ledges, the length of embedded depth for ledge
anchors shall be taken as follows:

With the effective embedded depth h,;:=4.5 in, which is the minimum required embedded depth specified by manufacturer
h, ::C+%+ heat + hep = 53.75 in

Properties of 1/5 in. diameter epoxy anchor
dy= - in Anchor diameter

A,:=0.144 in®

Fya=105 ksi

Fup =125 ksi

T:=A,-f,=18 kip Design load = tensile strength (Williams Form)
W;:="7.25 kip Working load (Williams Form)

hey=4.51n Embedded depth (Williams Form)
V:=0.6T=10.8 kip Shear strength

dp, = da+% in=0.33 in Hole size

Required shear strength for a group of ledge anchors

Vit eot =M1 (Vi cats Vg eat s V. eat) = 236.8 kip Minimum ledge capacity

Vertical component of ledge deficiency for a single

Vu ext 2 3
Var= 08—y = Ve 008 (457) =5.49 kip ledge

Ny 0.5- (Vuw B anm) < cos (45" 2 5.49 hip g;;ézeolr;tdczéecomponent of ledge deficiency for a
Vit reg=2+ Vg =10.97 kip
Ny yeqi=2+Ny=10.97 kip
2. Determine required number of anchors ’_L‘ »W
Required number of anchors on the web §
N3 req = M =1.56 o
@0+ Vs i
Mg vt 0 04 Con=Tin 3 9-2‘01' =9 1'5 = 2;.5?; 22.5 in
s3_req 6T ~ a2l 63.00" al

- Try 3 anchors on the ledge (the minimum number of anchors) ( n;,:=3) with layouts shown in figure.
*Place anchors at the bottom kern point. (C,;;:="7 in)
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3. Check that the shear and tension capacity of ledge anchors is greater than the demand

Steel Strength of Anchor

Niap =T« g =54 kip

Do+ Nyps, = 35.1 kip > Ny eq=10.97 kip (OK)

Vingo = Vg + gy = 32.4 kip

Do+ Vinso = 21.06 kip > Vst req=10.97 kip (OK)

Concrete Breakout Strength of Anchor

Sep =3 hyy=13.51in Critical spacing (ACI 318-14 17.2.1.1)
Since S,,="76.33 in > S, =13.5 in, group effect shall not be considered.

Concrete breakout strength of anchor in tension for a
Ncb = ¢5dﬁN * 1/’ch * 1»Z’C;LN * Nb Single anchor

Concrete breakout strength for shear loading
Veay=theas Yoo Pno Ve perpendicular to an edge on a single anchor

Modlification factor to reflect the reduced
Aai=1.0 mechanical properties of light weight concrete

k=17 "k, "is 17 for pot-installed anchors
1

Nyi=g Mg\ feksi «ho'? in * =307.91 kip

V,  =minimum of Basic concrete breakout strength value for a single
anchor
h 0.2
Vi = (7- ( def] . \/da] Ay \/ £+ 1000 psi + (Cyy) *° =205.04 kip
a

1

Vipi=9in > X, +\/f+ 1000 psi + (C,y)) - = 316.26 kip

Vy:i=min (Vi , Vi) = 205.04 kip

Yea n=0.7+0.3 Ca;; =101 Modification factor for edge effect

ef
Yed_v=Pean
P yi=14=19,, Modlification factor for cracking effect at service
Cooi=2 hyy The critical edge distance (ACI 318-14 Sec.17.7.6)
Yep N =l = 0.78

ac

Modlification factor for anchors located in
P y=1.0 narrow concrete member

Ncbg =g 1»bediN * 1/’ch * Q/JC;LN * Nb =1726.43 k}’Lp



Bent 22
Vcbg =g 7/’3@; * d’aﬂ * 1ph7v * Vb =870.76 klp
G+ Ny =472.18 kip > Ny yeq=10.97 kip
G+ Vepy = 565.99 kip > V31 req = 10.97 kip
Bond Strength of Anchor
hep=4.51n

Tunes
eng =10 dy A\ —=L =244 in
1100 psz

S, =2 cy,=4.88 in

Solution 3 - End-Region Stiffener

(0K)

(0K)

Embedded depth

Rectilinear area that projects outward a distance

Since S, =22.5in >, =4.88 in, group effect shall not be considered.

Ncp = ¢ed7Na * %pra * Nba
Tuner = 1640 psi

Npo:=Ag* Tuper * T » dp » hep=7.54 kip

Cull
Peq Nai=0.7+0.3 ——=1.56
CNa

C’all

wcpiNa = =2.87

CNa
Naii =g wediNa * ¢cp7Na * Nba =101.08 klp

¢+ N,3=65.7 kip > Ny yeq=10.97 kip

Concrete Pryout Strength of Anchor

|4

epg = Kep* N

cpg

kcp :=2.0

Tuner = 1640 psi

Tune
Cng=10d, A —2 =244 in
1100 psz

Npo:=Ag* Tuper * T * dp » hep=7.54 kip

Cull
Peq Nai=0.7+0.3 ——=1.56
CNa

C’all

=2.87

1pcp7Na =
CNa

Concrete pryout strength

Characteristic bond stress in uncracked
concrete

Basic bond strength of a single adhesive anchor
in tension in cracked concrete

Modlification factor for anchor groups loaded
eccentrically

Modlification factor for edge effect

Modlification factor for adhesive anchors designed

for uncracked concrete without supplementary
reinforcement to control splitting

(0K)

Concrete pryout strength

"k, " is 2.0 for effective embedded length of
anchor larger than 2.5 in.

Characteristic bond stress in uncracked
concrete

Rectilinear area that projects outward a distance

Basic bond strength of a single adhesive anchor
in tension in cracked concrete

Modlification factor for edge effect

Modlification factor for adhesive anchors designed
for uncracked concrete without supplementary
reinforcement to control splitting



Bent 22 Solution 3 - End-Region Stiffener

Ncpg =Ty ¢ed7Na * wzpra * Nba =101.08 klp

N,y3:=kep+ Ny, = 202.16 kip

Pg
&g+ Ny =131.4 kip > Ny req=10.97 kip (OK)

Increased hanger capacity for single ledge
¢V3l =min <¢a ¢ Nsn3h ’ ¢a * Vsniiv ) d)a * Ncbg ’ ¢a * Vcbg ’ ¢a * Naii ’ ¢a * Ncpli) =21.06 klp

PV )
PV pyi=—————+ 0V, o0y =231.56 kip

2

cos (45")

4. Check the interaction between the shear and tension of ledge anchors

5
3
V3lJ‘eq
+
Ve ny

End Plate Design

1. Determine required thickness of end plate

=0.23 <1.0 (OK)

Grade 50 steel end plate

F,:=50 ksi Yield stress
F,:=65 kst Ultimate stress
E:=29000 ksi Young's modulus

Required thickness for hanger deficiency

Vi eat = 44.81 kip

VnhZLezt = bstem * td * Fy

Van e
b reqi= bdﬂ =0.03 in

stem * L'y

Required thickness for axial bearing

¢,:=0.75 Resistance factor (AISC Specification J3.10)
w.

S .
Ly reqi= Bo2dd F =0.821in
t h u

Required thickness for shear bearing

V, Vi
Vg i=max herea. s e ) _ 994 kip
N3 LLEY
¢,:=0.65 Resistance factor (AISC Specification J3.10)
Vi
b reqi=——————=0.82'in

¢s'2'0 dh°Fu



Bent 22 Solution 3 - End-Region Stiffener

Required thickness for shear rupture
¢,:=0.75

Distance from edge of the plate to

dh .
b= Coyy = P 6.84 in the edge of the nearest hole

v,
b poqi=———————=0.15in
T $,.0.6+h, - F,

treq=102X (b4 reqs o reqs Lsb_req s Lor_req) = 0-82 i1 Minimum thickness of plate

Try 0.875 in. thick plate (¢:=0.875 in)

Design Triangular Stiffener

1. Determine required thickness for horizontal force

Grade 50 steel end plate

F,:=50 ksi Yield stress
F,:=65 kst Ultimate stress
E:=29000 ksi Young's modulus
b:=201in

a:=10.5 in

a

—=0.53

b

2

P,:=0.5+Ngy-cos (45°) =1.37 kip

u

Pye= 171 ki
n:: =1 7’p
¢

8,:=9.51n
Pn *Sp 8 . .

myi=— =7.02-10 Dimensionless moment
b’ -FE

From the design aid table (Shakya and Vinnakota, 2008) and using interpolation,

s

=7.76-107"

Thus, the plate thickness ¢, is
t,:==b.7.76.10"°=0.16 in
Try t,:=0.5 in

Check minimum thickness

¢
> 0.0225 for F,=50 ksi and % =0.53

tsjnin :=0.0225-b=0.45 in < t,=0.5in

C-10



Bent 22 Solution 3 - End-Region Stiffener

2. Determine required thickness for vertical force

b
—=1.9
a

2

P,:=0.5+Ngy-cos (45°) =1.37 kip

u

Py= 171 ki
n:: =1 7’p
¢

a .
8, =—=25.251n
2

.S
my=— " =2,68+107"

3
.

From the design aid table (Shakya and Vinnakota, 2008) and using interpolation,

t, .
2 =6.62-107°
a

Thus, the plate thickness ¢, is

by peqi=a+6.62-107°=0.07 in < t,=0.5in

Check minimum thickness

t b
—>0.0427 for F,=50 ksi and —=1.9
a a

tsjnin :=0.0427-a=0.45in < t,=0.5in

3. Determine weld size a,,

T T— ::% in=0.251in (AISC Specification Table J2.4)
g o=ty — %6 in=0.44 in (AISC Specification J2.2)
With E70 electrodes,

Fpxx =10 ksi

Frpy= 0.6 Fryy (1040.5 sin (6) ) (AISC Specification J2-4)
¢:=0.75 (AISC Specification J2.4)

OF Ao = PFpy + to» L= @F,,, - cos (45°) - a,,+ L Fillet weld strength

For vertical weld
1.5
F,,:=0.6Fpyy- (1.0 +0.5 sin (0%) ) =42 ksi

L:=b=201n
P,

Qo roqi= - =0.004 in

¢+ Fpy,ecos (45°) L

C-11



Bent 22 Solution 3 - End-Region Stiffener

For horizontal weld

.5

F,,:=0.6Fpyy- (1.0 +0.5 sin (0%) ' ) =42 ksi

L:=a=10.51in
P,

n

=0.01in
¢+ Fpy,ecos (45°) L

a‘wj‘eq =

Use 0.25 in. fillet weld for both sides

C-12



C.2 SOLUTION 8: CLAMPED THREADBAR WITH CHANNEL
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Solution 8 - Clamped Threadbar within the Web

Design Problem:

Bent 22 has hanger deficiencies for exterior and interior based on AASHTO LRFD (2014). Clamped threadbar
with channel will be designed to strengthen "Exterior" and "Interior 1" part .

The required loads on the ledges are shown below:
Exterior
Vi eat =207 kip

Vutiezt = Vuiezt «2=328.28 klp
My ext =V ot * @y +0.2Vy gy <hm - duzt> =141.45 kip - ft

Interiorl
Vi it =235 kip

Vutjnt = Vujnt +2=480.41 klp

Muﬁint = Vu?int * av + 0.2 Vujnt * <h‘int1 - dejnt1> =160.58 klp * ft

Specify Threadbar

1.Determine the hanger deficiency (V) for single ledge

®»:=0.9
Exterior
V. e
Vi eat = ——— Vi e = 16.06 kip
¢
Interior
V. .
Vi int = ‘;t —Vp i1 = 33.74 kip

2. Determine the required threadbar contribution
Exterior
Vewt_req = Vhd_eat * 2= 32.11 kip
Interior
Vint req'=Vha int +2 = 67.49 kip

3. Determine the required area of the threadbar

Threadbar properties:
Use Grade B7 Threadbar
f,:=105 ksi
fu:=125 ksi
Exterior
V., .
Agat reqi=—oT ~0.31 in®
fy

C-14

(for single ledge)

(for both ledges)

(for single ledge)

(for both ledges)

Resistance factor (AASHTO LRFD 5.5.4.2)

Yield stress of bar

Ultimate stress of bar
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Interior

Vint r
Ajnt req = ”}“‘“’ =0.64 in®
Y

4. Determine the number of threadbars
Try 0.75 in. diameter high strength
dy,:=0.75 in
A:=0.334 in®
f,:=105 ksi
fu:=125 ksi
Exterior

ext_req
ntieztjeq = A = 092

Solution 8 - Clamped Threadbar within the Web

Bar diameter
Net area of bar
Yield stress of bar

Ultimate stress of bar

reduce bar size to 5/8 in. diameter to have even number of bars

A, =0.232 in®

ext_req
ntieztjeq == 132 nezt =2
est
Interior
int_req
ntjntjeq = A =1.92 nint =92

5. Check that the capacity is greater than the demand (service limit and strength limit)

V=A.f,=35.07 kip
Vtiezt = Aest * fy =24.36 klp

Exterior
Vi et = 103.54 kip

Vsltiezt = Vshﬁezt +2=207.09 klp

stezt = Vtiezt * Mgt + Vshﬁezt +2=255.81 klp

¢V, y=23023kip >V ., =207.09 kip

Vnr?ezt = Vt s Mgy + Vnh?ezt +2=498.03 klp

DV et =448.22kip > Vit eat =414 kip

Interiorl
Vi int1 = 91.58 kip

Vit int = 297.38 kip

Vsjnt = Vt * My + Vshjntl +2=253.3 klp

¢V, =2279Tkip > Vg ., =137.37 kip

Tensile strength - contribution of a bar

Exterior hanger capacity at service limit for single ledge
Exterior service load for both ledges
(service limit)
(O.K)
(strength limit)

(0K)

Interior hanger capacity at service limit for single ledge
Interior service load for both ledges
(service limit)

(0K)
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Vnr?int = (Vt * Mg + Vnhjntl * 2) =524.88 klp

¢V iy =472.39 kip > Vut_int =470 kip

Channel Design

- There is no deficiency on the ledge, thus, channel is not needed.

Bearing Plate Design

1. Determine required thickness of plate

Vi :=0.6+ f,« A=25.05 kip
¢;:=0.75

A36 steel properties

F,:=36 ksi
F,:=65 ksi
E :=29000 ksi

Required thickness for axial bearing

V.

pt

T $,-2.4d,-F,

=0.29 in

treg?

Use 0.375 in. thickness plate

2. Determine required bearing area
¢,:=0.65

Vo

=—— " =12.59 in®
¢.+0.85-f,

req

Use 4 in. x 4 in. rectangular plate with 0.375 in. thickness

x For fastening threadbars, hillside washers are needed.

C-16

Solution 8 - Clamped Threadbar within the Web

(strength limit)

Design Load for Anchoring (Williams Form)

Resistance factor (AISC Specification J3.10)

Yield stress of the channel
Ultimate stress of the channel

Young's modulus of the channel

Resistance factor (AISC Specification J8)



C.3 SOLUTION 14: LOAD BALANCING POST TENSIONING
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Bent 22 Solution 14 - Load Balancing Post-Tensioning

Design Problem:

Bent 22 has hanger deficiency for exterior and interior based on AASHTO LRFD (2014). Load balancing
post-tensioning (PT) strands will be designed to provides alternative load paths so that it can improve the overall
bent capacity.

The required load demands on single ledge are shown below:

Exterior
Vi eat =207 kip (for single ledge)
My ot =V ear* G+ 0.2V qp (hegy — de_cqy) = 141.45 Kip « ft

Interiorl
Vo ing =235 kip (for single ledge)
My it = Vi ing* @+ 0.2 Vo g+ (R — de_inn) = 160.58 kip « ft

Concrete infill block

- To transfer load from the strands to the column, the concrete infill block needs to be seated on the column, and
center of gravity of the concrete block should be placed on the column. For this design example, the dimension
of the concrete infill block is shown below. Only minimum reinforcement is needed for the concrete infill block.

|

. I- --'_- ::A < '-.
|‘ kZ:

K .‘;:_‘::?: -:i. J

5.-:*:"{ 38.00"

Ll

Greased and Sheathed Strand
£0E A
Reinforcement of Infill Concrete Block
1.Determine the maximum deficiency
$:=0.9 Resistance factor (AASHTO LRFD
5.54.2)
Exterior
Vu ext .
Vdiezt = — - Vnﬁszt =16.06 klp
Interiorl
V.

u_int

Vi int = d’) — Vi = 33.74 kip

- Since Bent 22 is single column bent, regardless the portion of the bent, the maximum deficiency will be
used to design this solution.

Vy=max (Vy e Va i) = 33.74 kip

C-18
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2. Determine required longitudinal reinforcement

Solution 14 - Load Balancing Post-Tensioning

The concrete blocks not likely subject to bending moment. Therefore, this design example will provide

minimum required longitudinal reinforcement

- Geometry of concrete block

by, :=16.5 in
h.:=56.75 in
d,=301in
f'e:=3.6 ksi
fy=160 kst

- Minimum flexure reinforcement

Ay 1nin = the maximum of:
3/ f.psi b
ty

200 pst
fy

Af pini=1.49 in®

e dp=1.49 in®

b,+d,=1.65 in”

- Maximum spacing of longitudinal reinforcement
SfJnaz =12 in

(4

h,
Ty 1= +1=5.73
Sfimaz

Width of infill concrete block

Height of infill concrete block
Length of infill concrete block
Concrete strength (use same concrete

as the in-service structure)
Yield strength of reinforcement steel

Required minimum flexure
reinforcement area

(ACI 318-14)

Required number of longitudinal bars
on each side of infill concrete block

Take integer

Required number of longitudinal
reinforcement

Afs e = L - 0.12 in? Required area of single longitudinal
' bar
I AR~
jpe—
Place #4 (A;,:=0.2 in* ) longitudinal bars at four corners of the concrete block,
P and evenly place four #4 longitudinal bars along the height of the concrete block
& on each side.
» L /
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Bent 22 Solution 14 - Load Balancing Post-Tensioning

3.Determine required shear reinforcement
- Use double leg #3 stirrup
A,:=2-0.11 40" =0.22 in’

- Concrete shear strength

Vc;:2.ﬂf’c.p3i 'bw'de:59'4 klp

- Required spacing of stirrups

_ Av'fy'de

= =-15.43 in

S,

- Check maximum spacing of stirrups

s = the maximum of:

v_max
—~=151in
2
Av '.fy

0.75+4/f'.+ psi b,

A, f,
”7{":16 in
50 psi b,

=17.78 in

Sy maz = 17.78 in

Consider the geometry of the concrete infill block, evenly place four #3 double leg stirrups at a

spacing of 15 in.

Specify PT Strand

1.Determine the required post-tensioning force (Vyy ;)

The required upward force for the strands is

Vd int
Vit req = —— =150 kip
14.req sin (13")

2. Determine required number of strands (try 0.6 in. strand)

Properties of 0.6" strand

Fpui=270 ksi

A, =0.217 in®

P i= fpy Ay = 58.59 kip
P,:=0.7-P,,=41.01 kip
Fpy=0.85-f,, =229.5 ksi

Fpe=0.8 £, =183.6 ksi

C-20

Ultimate stress

Net area of strand

Ultimate strength of strand

Maximum force after transfer of prestressing force
Yield stress

Stress at service limit state after losses



Bent 22 Solution 14 - Load Balancing Post-Tensioning

Py =fp. Ay =39.84 kip Strength at service limit state after losses

Required number of strands

Via
el _ 3 66 use 4 - 0.6" strands (n,,:=4)
ps

n14j'eq =

3. Check that the shear capacity is greater than the demand
V4= P, sin (13°) = 9.23 kip

Exterior
Vi eat = (Via* Mg+ Viy_ear) = 250.85 kip

&V ew =225.76 kip > Vi e =207 kip (OK)

Interior
Vit = <V14 *nyyt anntl) =264.27 kip

¢V, iny = 237.84 kip > Vi im =235 kip (OK)

4. Determine Anchorage

With 4 - 0.6" strands, the anchorage will be chosen from manufacturer's multi strands
anchorage catalog.

- For an example Type E 0.6 (unit 6-4) by VSL may be used, and its dimension is shown below:

3 :
41 - Bearing plate

-

!
3n Tn

L

Anchor head

Anchor System Design
1. Determine required thickness of end plate
Py =1+ Py, =159.36 kip

P

A36 steel end plate and beveled properties

F,:=36 ksi Yield stress
F,:=65 kst Ultimate stress
E:=29000 ksi Young's modulus

Assume the diameter of the strand bundle is 2.56 in. (same as ¢C of anchorage)

d,=2.56 in

with 5 in. hole and beveled plate size, the height of vertical plate is determined
~ in=27.751in

. 5 .
b:=20 m+5 n+
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Bent 22 Solution 14 - Load Balancing Post-Tensioning

Required thickness for axial bearing
¢, :=0.75 Resistance factor (AISC Specification J3.10)

o PpecosQE)
T gy e24d,oF,

Required thickness for shear bearing
P -sin (16°) _
bp-1.8d,+F,

t, = 0.2 in

a_req "~

Required thickness for shear yielding

¢y =1
P, +sin (16° o
ta reg ;:”tip:o.m in ¢ 82
- . . " ) y
¢y 0.6b-F, a2 TIre
Requied th =
equired thickness for shear rupture
$,:=0.75 Sdls L
= i T 050
h,:=5.51n R
51.00"
P, -sin (16° Bo5
ta reg ::”7<> =0.49 in
T4 $,40.6+h, F,
Use 0.5 in. thick anchor plates (¢,:=0.5in)
2. Determine dimension of beveled plate
¢.:=0.65 Resistance factor (AISC Specification J8)
P, ;
regi= e =80.12 in”
¢.+0.85- f,
A, -
yogi= 9 =10.11n
m™

Use 10.5 in. outer diameter beveled plate for whole bundle of strands with the minimum
thickness of 0.5 in.

3. Determine dimensions of the triangular stiffener (4ISC Design Manual)
- Since the recommended plate aspect ratio, a/b, ranges from 0.5 to 3.0, try a/b=0.5

a:=b-0.5=13.88 in

P,:=P,+cos (16°) = 153.19 kip 050" _._ & Thru Hole
| 138"

Pu . o Fillet Weld
P, := =170.21 kip a8

¢ 2 & o —0.625"Thick Stiffener
8,:=22.51n i -

) _a—1.'! M'L
P,-s, 6 . .
= =6.18-10 Dimensionless moment

=

b’ .E
- From the design aid table (Shakya and Vinnakota, 2008) and using interpolation,

S

t .
—~=11.95.107*
b
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Thus, the plate thickness ¢, is
t,:=b-11.95107°=0.33 in
Use 0.625 in. triangular plate (¢,:=0.625 in)
Check minimum thickness
% >0.0188 for F, =36 ksi and % =05
ty min=0.0188-b=0.52 in < t,=0.63 in (O.K)

4. Determine weld size a

i, =:% in=0.251in (AISC Specification Table J2.4)
=ty — Tlﬁ in=0.44 in (AISC Specification J2.2)
With E70 electrodes,

Fpxx =70 ksi

Frpy= 0.6 Fryy (1040.5 sin(6) ) (AISC Specification J2-4)
¢:=0.75 (AISC Specification J2.4)
OF 1y Ao = OFpy+ o« L= @F,,, + cos (45°) va- L Fillet weld strength

For vertical weld
1.5
F,,=006+Fgyx- (1.0 +0.5 sin (16°) ) =45.04 ksi

L:=b=27.751in

Py,

=0.24in
¢+ Fpy,+cos (45« L

a"req =

For horizontal weld
1.5
F,,:=0.6+Fpyy- (1.0 +0.5 sin (90°) ) =63 ksi

L:=a=13.88 in

Py,

“ ¢+ Fpy,+cos (45« L

req =

=0.34 in

Use 0.375 in. fillet weld for both sides
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C.4 SOLUTION 17: CONCRETE INFILL WITH FULL-DEPTH FRP ANCHORED BY
STEEL WALING
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Solution 17 - Full-Depth FRP

Design Problem:

Bent 22 only has hanger deficiency for exterior and the first interior girder based on AASHTO LRFD (2014).
FRP wraps with concrete infill block between the girders will be designed to strengthen the bent cap. Following
figures show the steps of installation. The gaps between the girders will be infilled by concrete with through
threadbar. FRP wraps will be attached on the surface between the girders. Steel walings will be installed at the

termination region of the FRP wraps to provide anchorage.

I

Debonding

Foam
Sheet

- Anchoring
[| Threadbar

Debonding Foam Sheet Infill Concrete Block ’7
A T
~." A: ‘\9/.f j :‘..‘ 9‘ -‘"
i ¥:r0ugg- - Through—/'.“",“
PR .Eea- ._ar___-_ . Threadbar || *
W E infill || -
3 ¥ i - Concrete [
Anchoring Bock
Threadbar

(a) Infill concrete with through threadbar

Steel Waling H

i [ B
FRP Wrap

(b) Attach FRP wrap with steel waling

The required load demands on the exterior and interior ledges are

Vo ewt = 207 kip (for single ledge)

Vi int =235 kip (for single ledge)
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FRP Wrap Design

1. Determine the deficiencies for single ledge

¢:=0.9

Vhdiezt =

Vi int =

V.

u_ext

¢

Vi ear = 16.06 kip

u_int

— Vo int1 = 33.7 kip

2. Determine the factored self-weight of the infill concrete blocks

' lu
4-9,

54"
‘ 44" 6"
v
L
i o )
| 5.4 |

Solution 17 - Full-Depth FRP

Strength reduction factor

Hanger deficiency of exterior girder

Hanger deficiency of first interior
girder

Dimensions of infill concrete block

Half weight of an infill concrete block will be distributed to each girder.

w,:=0.0

15 k’pr
it

Vol,:=39.8 ft*

W,:=1.25:0.5-w,-Vol,=0.37 kip

3. Re-calculate the deficiencies for single ledge

W, )
Vhdiezt = Vhdiezt + 7 =16.47 klp

w, _
Vhd_int = Vhd_int + ? =34.16 kip

C-26

Unit self-weight of reinforced concrete

Volume of single infill concrete block

Factored self-weight of infill concrete

block

Hanger deficiency of exterior girder

Hanger deficiency of out-most interior
girder
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4. Determine required FRP strength

The following FRP wrapping scheme for the exterior region is considered in this example.

Part 1 - U-wrap attached on the infill concrete
block with steel waling. Contribute strength to
hanger, ledge and punching shear.

Part 2 - Attached to the end of the bent cap.
Enclose entire inverted-T section. Contribute
strength to hanger, ledge and punching shear.

Part 3 - Attached on the end surface of the bent
cap. Vertically wrapping the web of the bent cap.
Contribute strength to hanger. (End region

gﬂ\ N anchorage is recommended. May use bandage

E*i* 7 L & strip or mechanical/FRP anchors)
‘\ t‘:&%‘g{g%s &Part 1

\Y

%

g Part 4 - Attached on the end surface of the bent

v

< y’% _ cap. Horizontally wrapping the flange of the bent
Part 3~ B Bandage Strip cap. Assume no strength contribution.

Part4
4.1 FRP Part 1 and Part 2

- Determine effective width of FRP wraps within the distribution width of each term of capacities

FRP wraps will be attached from the edge of the girders. Therefore,
effective width of FRP wraps can be calculated by subtracting
bottom width of the girder and the thickness of debonding foam

sheet from the distribution width of each term of capacities.
el =T
Assume the thickness of the debonding foam sheet is 0.5 in.
/ T Efoam = 0.5 in Thickness of debonding foam sheet
fo i
e byirder =26 in Bottom width of the girders

Effective width of FRP can be calculated as

tfoam ) bgirder tfoan

wf = beff - bgirder -2 tfoam

- Distribution width of each term of capacities

C:=221in Distance from center of bearing pad to
end of bent cap
W42 df ext . . . . . . .
by epp=——"""—+C=51251in Distribution width of exterior girder for
2 hanger
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by i =S=T2in Distribution width of first interior
girder for hanger

- Effective width of FRP wraps

Wik ext *= Op_eat = girder — 2 * Lpoam = 24.25 in Effective FRP width for exterior girder
by, int — boirger — 2+ 1
Wy gy = (Onint = by foun) =22.51in Effective FRP width for first interior
2 girder

- Effective strain of FRP wraps

ACI 440.2R - 08 recommends a bond-reduction coefficient to calculate effective strain of FRP for the
FRP systems that do not enclose the entire section. However, higher effective strain can be used for the
system that mechanical anchorages used at termination region but should not exceed 0.004. For this
solution, mechanical anchorages will be provided at termination point. Therefore, take FRP effective
strain as

€ 1:=0.004  (<=0.75-¢p,) (ACI 440.2R-08 Eq.11-6(a))

- Reduction factor for FRP based on wrapping schemes

1pf :=0.85 Reduction factor for U-wrap

- Strength contribution of FRP wrap

V= tppewpeepor Epety Ef -ty if the tensile modulus per unit
width of FRP
Vih ext =W W ext* €e 1 Ep ty Strength contribution of Part I and 2 to

exterior hanger capacity

Vi int = Vg Wep ing > €pe 1 Epety Strength contribution of Part 1 to out-
most interior hanger capacity

4.2 FRP Part 3
- Effective width of FRP wrap
Use same width as the web of the bent cap

Wi, eng =30 in

- Effective strain of FRP wraps

Assume end region anchorage (or bandage) will be provided to FRP Part 3
€ 2=0.004 (<=0.75-¢p,) (ACI 440.2R-08 Eq.11-6(a))

- Reduction factor for FRP based on wrapping schemes

1pf :=0.95 Reduction factor for U-wrap
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- Strength contribution of FRP wrap

Strength contribution of Part 3 to
exterior hanger capacity

Vi o= ¢f *Wpp end* Efe2* By ty
5. Determine required tensile modulus per unit width ( E,,;, := E;-t;) of FRP wraps

- Required FRP tensile modulus (per unit)
E=Ep-t;
- Exterior hanger
Vi =V eot+ Vi o=V W > €pe 1 Epetp+ W, cna® €pe o Ep+ty

Set Vin=Vid et

Vid ex ki
E unit_h ‘= hd_cxt =79.9 7‘/Lp

Y W eat* €fe 1+ W5 Wen_end * €fe_2 m

- First interior hanger

Vih int = Vg Wep in > €pe 1 Epety
SC'[ pr = Vhdjnt

Vhd,int —399.5 kzp

1/’f * Wep_int * Efe m

E

unit_p =

Maximum required E,,;, is

E ‘=max (Eum'tfh ’ Eunit7p> =399.5 ﬁ

unit_req *
in
- Select FRP products from the TxDOT provided pre-qualified FRP product list

May use single layer of BASF C160.
- Specified properties of FRP

fru=150 ksi Ultimate tensile strength
E;:=10700 ksi Tensile modulus
t;:=0.08 in Nominal thickness
€f,+=0.014 Ultimate rupture strain

- Check FRP strain limit
0.75-£;,=0.011 > g;,:=0.004 (OK)) (ACI 440.2R-08 Eq.11-6(a))
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Reinforcement of Infill Concrete Block

1.Determine required longitudinal reinforcement

Solution 17 - Full-Depth FRP

The concrete blocks not likely subject to bending moment. Therefore, this design example will provide

minimum required longitudinal reinforcement

- Geometry of concrete block

b, =16.5 in
h,:=56.75 in
d,:=54.25 in
fl.:=3.6 ksi
f, =60 ksi

- Minimum flexure reinforcement
Af min = maximum of?
4
3
£y

200 pst
fy

b,+d,=2.69 in®
b, +d,=2.98 in®

A pin=2.98 in’

- Maximum spacing of longitudinal reinforcement
SfJnaz =12 n

(4

h,
Ty 1= +1=5.73
Sfimaz

f_min

=0.25 in?

A =
fs_re
nf

C-30

Width of infill concrete block

Height of infill concrete block

Bottom width of the girders
Concrete strength (use same as the

in-service structure)
Yield strength of reinforcement steel

Required minimum flexure
reinforcement area

Required number of longitudinal bars
on each side of infill concrete block

Take integer

Required number of longitudinal
reinforcement

Required area of single longitudinal
bar
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Place #5 (A;,:=0.3 in” ) longitudinal bar at four corners of the concrete block,

and evenly place four #5 longitudinal bars along the height of the concrete
block on each side.

2. Determine required shear reinforcement

- Use double leg #4 stirrup

A,:=2:0.2in*> =0.4in”

- Concrete shear strength

V,i=2\/f, +b, - d, =107 kip

- Required spacing of stirrups

Sy req ;:M =651 in
B Vhd?ezt - Vc

- Check maximum spacing of stirrups

s = maximum of’

v_max

de
—~=27.13in
2

A,
17fy=32 in
0.75 4/ f". by,

Av'fy
50 b,

=29 1in

Sy maz = 27-13 in

Consider the geometry of the concrete infill block, evenly place four #4 double leg stirrups at a spacing
of 12 in.
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Threadbar and Waling Design

1. Threadbar Design

Vi eot =mX (Vi ears Via_int) = 34.16 kip Maximum deficiency

May need at least three threadbars to provide

1 n
‘ 4'-4 ‘ uniform fixture to a 68 in. wide FRP wrap.
| “ Try to use three threadbars.
\ ,,“ o ® © “‘\\ //
‘[, inN - Shear demand for single threadbar
‘ Vd,e;l:t .
/AR 3 Vo single = =11.39 kip
/ / \\ =
( & o 12
77 7771 178 T )
- Shear capacity of single threadbar
Vnﬁsingle =0.6- fu * An
Use B7 Grade threadbar
fu=125ksi Tensile strength of B7 Grade threadbar
Vu single . 2 . . .
Ay peq=————=0.15in Required nominal area of single
- 0.6-F,
u threadbar
Use 5/8 in. diameter B7 threadbar. (A,, .. :=0.226 in® )
- Minimum spacing and edge distance
dy:=—1in Diameter of threadbar
St_min =0 d, =3.75 in Minimum spacing
Sye_min =6 dp=3.75 in Minimum edge distance

Use of 6 in. edge distance from the top of the concrete block will provide the most effective end anchorage
to FRP wraps. However, to avoid the flexure reinforcement provided at the top of the stem, the through
threadbars need to be at least 8 in. away from the top of the concrete block.

For the constructability, use 12 in. side edge distance.

Evenly space three 5/8 in. diameter B7 Grade threadbars at 14 in. with the edge distances of 12 in. and
8.5 in. from the side and top. respectively.
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2. Waling Design

Use A36 Grade steel

F,:=36 ksi

- Required thickness for shear bearing
¢:=0.75

V.

u_single

=—————=0.3411n
$+2.0-d,-F,

treg?

- Required bearing area

¢.:=0.65

Solution 17 - Full-Depth FRP

(AISC Specification J3.10)

(AISC Specification J8)

Use 4" x 68" (A,:=272in” ) with 0.375 in. thickness continuous steel waling.
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