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PREFACE 

Steel post traffic barriers on our natior.'s highways are 
routinely subjected to high impact loads. Successful per formance 
of a barrier requires inelastic deformation of the barrier system. 
In order to sustain large inelastic deformations while retaining 
structural integrity. the barrier system must possess a high degree 
of ductility. 

In current design practice, steel post barriers are 
connected to bridge decks by anchor bolts. This study addresses 
the cor.nection of steel post guardrail supports to concrete bridge 
decks. Its objectives are: 

1) to provide information on the behavior of barr ier 
to bridge deck connections; 

2) to provide a basis for predicting the behavior of 
existing barrier anchorages; and 

3) to propose recommendations for the design of 
ductile anchorages. 
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SUMMARY 

A series of static and impact tests were carried out on a 
steel barrier post (T101 type) anchored to a 10-in. reinforced 
concrete deck. Slab reinforcement was modified in an attempt to 
produce a test speci~en which would fail by yielding of the tension 
anchors. Analytical mod~ls were developed for various failure 
modes. 

The primary objective of this research was to study the 
behavior of the anchorage under repeated impact loading. Repeated 
impact at low to moderate load levels proved not to be a problem 
for either the anchorage or the concrete deck; the response was 
ver y stable. 

At higher load levels, however, all tests resulted in 
brittle failures. In most cases, this was attributed to a local 
diagonal tension failure near the slab edge. Since reinforcement 
is not effective in preventing this type of failure, it could not 
have been eliminated without changing the distance which the post 
base plate is set back from the free edge of the slab. 

v 



!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
"#$%!&'()!*)&+',)%!'-!$-.)-.$/-'++0!1+'-2!&'()!$-!.#)!/*$($-'+3!

44!5"6!7$1*'*0!8$($.$9'.$/-!")':!



IMPLEMENTATION 

The current Texas SDHPT design detail for ar.chorage of 
steel post highway barriers (T101 type) is nor.-ductile. Work 
should begin immediately on the development of a barrier which will 
fail in a ductile manner under lateral loads. 

One way of achieving this is to modify the current 
anchorage detail by the most practical and economical combination 
possible of: 

1) increased post set-back; 

2) increased slab thickness; and 

3> decreased anchor sizes, offset by increased length 
of base plate or decreased post spacing. 

Other wi se, the steel-post barr ier system should be 
replaced with a barrier system which does not present such a severe 
ductility problem. Research should be directed toward the 
development of a ductile steel-post barrier system to replace the 
current non-ductile design. 

vii 
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C HAP T E R 

INTRODUCTION 

1.1 General 

Traffic barriers on our nation's highways are routinely 
subjected to high impact loads. Successful performance of a barri er 
requires that large amounts of energy be dissipated under impact 
loading. A primary source of such energy dissipation is inelastic 
deformation of the barrier system. In order to sustain large 
deformations while retaining structural integrity, the barrier system 
must possess a high degree of ductility. that is, it must be able to 
deform to several times its yield displacement without losing a 
si gnificant portion of its maximum strength. This abiU ty to deform 
inelastically while maintaining strength offers an additional 
advantage. After s uff i ci ent deformation, load will be redistri buted 
from the heavily stressed portion of the system to adjacent sections, 
thus increasing the system's capacity. 

The AASHTO bridge design specifications [1] call for an 
elastic design of traffic barriers with a transverse load of 10 kips 
applied to the barrier. The intent of those provisions is to contain 
the average vehicle. In more severe loading situations. however, the 
behavior of the system at its ultimate capac! ty must be assessed. As 
previously stated. ductility is an important aspect of this behavior. 

In current design practice, barriers are connected to bridge 
decks by anchor bolts (Fig. 1.1). This connection is often the least 
ductile element of the barrier system. The anchorage can fail either 
by tensile yielding of steel or by tensile failure of the concrete at 
the anchorage. This second mode is a brittle type of failure and must 
be avoided. Ideally. the anchor bolts should yield before substantial 
damage to the concrete bridge deck occurs. In this case. repair would 
require only replacement of the damaged bolts. Fail ure of the concrete 
deck, on the other hand, leads to costly and time-consuming repairs. 
Unfortunately, deck failure is a prevalent failure mode for existing 
barrier installations [2]. 

1.2 Purpose of Investigation 

Results from this study are intended to: 

1) provide information on the behavior of barrier to 
bridge deck connections; 

2) provi de a basi s for predi cti on of the beha vi or of 
existing barrier anchorages; and 
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3) lead to recommendations for the design of ductile 
anchorages. 

Increased understanding of the behavior of anchorages under impact load 
should lead to the use of safer anchorage systems and decrease repair 
costs. 

1.3 Scope of Investigation 

This study addresses the connection of steel post guardrail 
supports to concrete bridge decks. The anchorage of concrete barriers, 
sometimes referred to as "safety shapes" or "New Jersey barriers," is 
investigated by Steves [3J in a separate study. Both studies are part 
of a research program, funded by the Federal Highway Administration and 
the Texas State Department of Highways and Public Transportation, 
concerning the behavior of anchor bolts under impact loading. 

The particular barrier system investi gated here conforms to 
Texas SDHPT Type T101, and consists of a "flex-beam" shaped metal 
railing supported by W6x20 steel posts bolted to the bridge deck (Fig. 
1.2). Although the original scope of the project involved only 
eval uation of the performance of the current anchorage desi gn under 
impact loading, it was soon discovered that the existing design would 
probably be inadequate under static loading. Thus, the scope was 
expanded to include redesign as well as testing of the anchorage. All 
trial modifications to the Texas SDHPT standard design were approved by 
that organization. 

All anchorages considered in this study make use of anchor 
bolts or studs which are either embedded in the concrete deck or 
inserted through the deck and fastened underneath. As referred to in 
this report, anchor bolts or studs are those connectors which resist 
pullout primarily by means of a mechanical anchoring device, such as a 
bolt head or steel plate, rather than by bond along their length. 
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C HAP T E R 2 

BACKGROUND 

2.1 Traffic Barrier and Impact Loads 

The basic function of the traffic barrier is to redirect 
vehicles which have come too close to the edge of a bridge or roadway. 
In so doing, the barrier is subjected to impact loading. When barrier 
systems are designed, much attention is given to the safety aspects of 
the system's performance. Under relati vely light loads, such as those 
caused by the average passenger vehicle, the system should deform 
sufficiently to inflict little damage on the vehicle. At the same 
time, the barrier must be strong enough to contain heavy vehicles such 
as buses and semi-trailer trucks. New systems are often given crash 
tests before being put into servi ceo 

A report by Bryden and Hahn [~] describes a typical crash test 
program, conducted on a steel post, thrie-beam railing barrier system. 
The authors of that study felt that the anchorage of the system to the 
bridge deck did not need to be modeled, since previous tests and field 
experience had shown existing details to be adequate. Therefore, the 
posts were anchored with three 1-in. diameter by 17-in. long anchor 
bolts (A36) to a 3-ft wide by 3-ft deep concrete footing embedded 2 ft 
6 in. into the ground. The behavior of the anchorage was similarly 
removed as a test parameter from programs carried out on other proposed 
barrier systems. 

That a problem with barrier anchorages does, in fact, exist 
has come to the attention of Texas SDHPT. A study conducted by Arnold 
and Hirsch [2] of existing Texas SDHPT anchorage details is described 
in Section 2.3. For additional information on anchorage behavior it is 
necessary to look at work done in fields not directly related to the 
area of transportation structures. 

2.2 Basic Principles of Anchorage Design 

Some of the earliest investigations into the behavior of short 
anchor bolts and welded studs were carried out in the 1960's and early 
1970's by the Nelson Stud Company (now a subsidiary of TRW, Inc.) 
[5,6,7,8]. In a 1974 publication [8], they presented a model for 
tensile pullout which is similar to the currently accepted model 
discussed in subsection 2.2.1. 

Nelson Stud/TRW sponsored tests by Ollgaard, Slutter and 
Fisher [9] in 1971, and by McMackin, Slutter and Fisher [10] in 1973, 
which resulted in the development of empirical formulas for the shear 

5 
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capacity of anchors. These formulas wepe incorporated into the 1974 
TRW report [8 J as well as into the 1978 PCI Desi gn Handbook [11 J. the 
1977 PCI Manual for Structural Design [12J. and the 1978 AISC 
specifications [13J. Work done at the University of Tennessee for TVA 
from 1975 to 1977 [14,15.16J resulted in the development of a 
semi coni cal failure model (descri bed in subsecti on 2.2.2) f or anchors 
cl os e to a free edge whi ch ar e loaded in shear. 

The growth of the nuclear power industry in the late 1970's 
provided the impetus for renewed interest in the behavior of anchors. 
Because of increased emphasis on ductility and quality assurance. ACE 
Committee 349. in its "Proposed addition to Code ReqUirements for 
Nuclear Safety Related Structures" [17], included an appendix which 
summarized state-of-the-art design procedures for anchorages, 
incorporating more conservati ve capacity reduction factors. The work 
of the committee was presented as a "Guide to the Design of Anchor 
Bol ts and Other Steel Embedments" [18J in a 1981 edi tion of Concrete 
International. 

Two papers by Klingner and Mendonca [19,20J, published in 
1982, compare existing procedures for predicting tensile and shear 
capacities of anchorages in the light of available test data. The 
results of those studies indicate that, with some modifications, 
tensil e and shear capaci ty as governed by the anchor itself is most 
reliably calculated using the methods presented in the PCI publications 
[11,12J and in a 1981 paper by Klingner, Mendonca and Malik [21J. 
Capacity as governed by concrete failure is most reliably calculated 
using the method of ACI Commi ttee 349. These methods are presented in 
subsections 2.2.1 and 2.2.2. 

2.2.1 Tensile Loading Condition. A typical headed anchor, 
embedded in a block of unreinforced concrete and subjected to a tensile 
load, is shown in Fig. 2.1. If the depth of embedment and edge 
distance are sufficient, the capacity of the anchorage can be computed 
as the cross-sectional area of the anchor times its specified minimum 
yield strength [19J. For threaded anchors, the nominal tensile stress 
area should be used. If the anchor steel does not exhibit a definite 
yield plateau, yield strength can safely be taken as 90 percent of the 
specified minimum ultimate tensile strength [19J. For design of 
anchorage steel, the nominal tensile capacity should be modified by a 
capacity reducti on factor of 0.90 [19J. Thus, 

> ( 2. 1 ) 

P s • ( 2.2 ) 

If the depth of embedment is inadequate, concrete tensile 
fail ure will occur before the anchor has yi elded. Whether the anchor 
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is i ni tl all y bonded or un bonded along 1 ts length, the ent i re tensil e 
load will eventually be transferred into the concrete by the anchor 
head (Fi g. 2.2). Cracki ng begi ns around the peri meter of the anchor 
head and propagates to the surf ace at an angle, produci ng a coni cal 
failure surface often referred to as a "pullout cone." 

The applied load is resisted by tensile stresses acting 
perpendicular to the failure surface. The resultant force, however, 
acts in the direction of the applied load since all stresses acting 
perpendicular to the applied load are self-equilibrating (Fig. 2.3b). 
Thus, pullout strength can be calculated as the resultant of tensile 
stresses directed parallel to the applied load and acting on the 
surface area of an idealized truncated cone, or equivalently, on its 
projected area (Fig. 2.3a). The magnitude of stress is assumed to vary 
from zero at the concrete surface to a typical value for concrete 
tensile strength of 6-7 If"; (psi) at the anchoring device. A uniform 
nominal stress of 4 ~ (psi) may conservati vely be assumed to act on 
the failure surface [17,18,19J (Fig. 2.3c). 

If the state of stress in the concrete is produced by tension 
on the anchor alone, the initial inclination of the failure surface 
will be at about 450 to the direction of the applied load [17,18J. As 
the crack nears the surface, the uncracked concrete above deforms in 
flexure, producing a state of compression in the concrete near the 
leading edge of the crack. For embedments less than about 5 in., the 
resi stance due to thi s fl exural acti on exceeds the cone pullout 
resistance, increasing the failure load. If the value of 4 ~is 
retained as a uniform stress, the angle of inclination of the failure 
surface is effecti vely increased. The use of a 450 inclination for all 
anchors is recomm ended, however, si nce surface cracki ng may prevent 
development of the flexural mechanism for shallow depth anchors 
[17.18,19J. 

If the inclination of the failure surface is assumed to be 
450 , pullout strength can also be calculated as the resultant of 
stresses acting parallel to the applied load on the surface area of a 
hypotheti cal cylinder wi th radi us equal to the average radi us of the 
idealized truncated cone (Fig. 2.3d). This is analogous to the 
procedure recommended by ACI [22J for calculating punching shear in 
slabs and footings. Derivations of the three procedures for 
calculating pullout strength of concrete are presented in Appendix 
A.1.1. 

When multiple anchors are used at close spacings, a single 
failure surface will develop which will offer less resistance than the 
sum of individual anchor capacities. The overlapping portions of the 
projected stress cones must be omitted from the area calculations, as 
in Fig. 2.4a. If a plate is used as an anchoring device for multiple 
anchors, the trapezoidal fail ure surface (Fig. 2.4b) can be assumed, as 
long as failure by punching of the bolt head through the anchoring 
plate has been prevented. 
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For either single or multiple anchors, portions of the 
projected failure cone or trapezoid which extend beyond the edge of the 
concrete should be excluded from the area calculation. This si tuation 
is illustrated in Fig. 2.5. It should be emphasized that since failure 
begins at the periphery of the anchoring device, the area of the anchor 
head or plate must also be subtracted. The proJected tensile stress 
area of an anchorage can be computed by a combination of Simple 
geometri c formulas. Sample calcul ati ons of effecti ve proj ected area 
are presented in Appendix A.2.1. 

Tensile capacity of the anchorage as governed by concrete 
fail ure is com puted as 

(2.~) 

The understrength factor should be taken as 0.65 for normal weight 
concrete [19J. 

For anchors very near an edge, lateral bursting of concrete in 
the region of the anchor head is a possible failure mode [17,18J. The 
minimum edge distance required to prevent this type of failure can be 
found by equating the lateral bursting force to the tensile capacity of 
the concrete. The lateral force can be conservati vely taken as one
fourth of the tensile capaci ty of the anchor, while the concrete 
capacity is calculated in a manner analogous to that used for computing 
pullout capacity, with the height of the conical failure surface taken 
as the edge distance, de [17,18J. Applying a conservative reduction 
factor of 0.65 to the concrete capacity gi ves 

(2.5) 

with As equal to the nominal tensile stress area for threaded anchors. 
A derivation of this is presented in Appendix A.1.2. Sample capacity 
calculations for an anchorage loaded in tension are presented in 
Appendi x A.2.2. 

2.2.2 Shear Loading Condition. The capacity of an individual 
anchor loaded indirect shear depends on depth of em bedm ent, edge 
distance, and the strength of the anchor itself. To develop the 
ul timate shear capacity of an anchorage. suffi ci ent em bedment length 
m us t be provi ded to prevent a pull out f ai lure. As in the tensil e 
loading condi tion, the resistance over a conical fail ure surface must 
exceed the tensile capacity of the anchor steel. Partially embedded 
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anchors (those for which pullout failure has not been prevented) are 
beyond the scope of this report. 

For a fully embedded anchor far from a free edge, ACI 
Committee 349 [17] applies the shear-friction concept to the transfer 
of shear from anchor steel to concrete. According to this theory, 
shear is transmi tted to the concrete by bearing of the anchor on the 
surface of the concrete, forming a shallow wedge (Fig. 2.6). In order 
for the wedge to move laterally, it must also move upward against the 
base plate. This upward force on the base plate produces tension in 
the anchor and in turn increases the clamping force on the wedge. 

The clamping force is a function of the coefficient of 
f ri cti on, JJ, whose magni tude depends on the I ocati on of the pl ane of 
shear transfer. Accepted values of JJ are 0.7 for a flush mounted 
plate; 0.9 for a plate embedded so that its exterior surface is fl ush 
with the surface of the concrete; and 0.55 for a plate mounted on a 
grout pad exterior to the concrete surface [17]. The shear strength of 
the anchorage is then given as 

(2.6) 

In tests by Kl1ngner, Mendonca, and Malik [21] such a clamping 
force mechanism was not observed. Rather than resisting movement of 
the anchor and concrete wedge, the loading plate either slid easily 
along the concrete surface or rotated away from it. The failure 
mechanism observed was a combination of shear and flexure in the anchor 
itself, producing a "kink" in the anchor (Fig. 2.7). 

A report by AdihardjO and Soltis [23], describing their tests 
of grouted base detail s, i ncl udes phot ographs of anchor bol ts whi ch 
also exhi bi ted this kinking mechanism. Although loads were applied at 
angles of 0 to 900 to the vertical in these tests, Adihardjo and Soltis 
propose that sl1p between the base plate and grout surface was induced 
by the shear com ponent of the load, produci ng mom ent in the anchor 
bolt. Thus, the location of the shear transfer plane plays a role in 
both the bolt kinking theory and the shear-friction concept. As 
previously mentioned, the coefficient of friction is related to the 
location of the shear transfer plane in the shear-friction mechanism. 
In terms of the kinking theory, on the other hand, a transfer plane at 
a greater distance from the embedded end of the anchor increases the 
effecti ve length of the anchor subjected to bending. Adihardjo and 
Soltis conclude that additional study is necessary to develop a method 
for the desi gn of anchor bol ts whi ch is consistent wi th the kinking 
mechanism. Effecti ve length and end fi xi ty are the maj or parameters to 
be defined. 

Klingner, Mendonca and Malik [21] have proposed expressions 
for deSign of anchor steel based on the direct shear capacity of the 
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anchor. Shear capaci ty is calcul ated as the appropri ate cross
sectional area of the anchor times its minimum yield strength, in 
shear. Since information on the shear strength of an anchor is not 
ordinarily available to the designer, it must be derived from values 
for tensile strength. Shear yield strength, fyv' for anchor steel 
exhibiting a definite yield plateau can be taken as 1/j times the 
minimum specified tensile yield strength, fy' in accordance with the 
von Mises failure theory. When the material does not exhibit a 
definite yield plateau, yield strength should be taken as 0.90 times 
the minimum specified ultimate tensile strength, f ut. In this case, 
yield strength in shear can be computed as 0.75 times the tensile yield 
strength; that is, f y equals 0.75 (0.90 fud, or 0.67 fut. 

Desi gn of anchor steel for shear is then based on the 
following expressions: 

(2.7) 

(2.8) 

where the shear yield strength, f yv, is calculated as recommended 
above. The capacity reduction factor 0 s is taken as 0.90. These 
expressions correlate well with available test data, and provide a 
conservati ve estimate of the actual failure load [21]. 

The direct shear method can be compared with the shear
friction method of ACI 349 [17]. For a base plate flush with the 
concrete surface the shear-friction theory gives 

Vs" lJAsfy 

Vs '" (0.7)As (5/6)f ut '" 0.58 Asfut 

Where lJ = 0.7 and fy is taken as 5/6 f ut. 

The direct shear method gi ves 

(2.6) 

(2.7) repeated 

(2.8) repeated 

(2.9a) 

(2.9b) 
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Ref erence 20 proposes that the di rect shear method is suff i ci ently 
conservative and more rational than the shear-friction theory. 

If edge distance is inadequate. the anchorage capacity will be 
limi ted by the tensile strength of the concrete. The resul ting failure 
surf ace can be ideal i zed as a semi cone wi th a total central angl e of 
900 radiating from the anchor at the surface of the concrete toward the 
free edge (Fig. 2.8). The failure load can be computed as the 
resultant of stresses equal in magnitude to the maximum tensile 
strength of the concrete, taken as 4ff c' and acti ng on the proj ected 
area of the idealized semicone. For design purposes, 

(2.10) 

(2.11) 

The capacity reduction factor 0c is taken as 0.65. 

When the applied shear is resisted by more than one anchor in 
a plane parallel with the edge of the concrete, the effect of 
overlapping failure surfaces must be considered for computing Avc (Fig. 
2.9a). Similarly, when multiple anchors are placed in the plane of the 
applied shear, only the anchor farthest from the free edge will be 
effective in resisting concrete failure, since its failure surface will 
envelope those of each forward anchor (Fig. 2.9b). 

When edge distance is limited, reinforcement must be used to 
prevent pullout of a shear cone. ACI Commi ttee 349 [11] recommends the 
use of reinforcement placed so as to restrain tensile cracking along 
the assumed failure surface (Fig. 2.10a). They caution that adequate 
development length for the reinforcement must be provided on either 
si de of the crack. 

An alternate reinforcing scheme recommended by Klingner, 
Mendonca and Malik [21] transfers shear load directly from the anchor 
to the reinforcement. The load is then resisted by bond along the 
surface of the reinforcment. rather than by the tensile strength of the 
unreinforced concrete. The reinforcement is placed so as to restrain 
the anchor, on a plane as near as possible to the plane on which the 
shear is applied. Such an arrangement, often referred to as hairpin 
reinforcement. is shown in Fig. 2.10b. The strength of the 
reinforcement can be taken as the cross-sectional area of the two 
hairpin legs times the speCified minimum yield strength of the 
reinforcing steel. That is, 

V' s (2.12) 
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Development length should be provided in accordance wi th ACI provisions 
[22J. 

While reinforcement can prevent concrete failure due to 
inadequate edge distance, some spalling of the edge must still be 
expected when the tensile capacity of the concrete is reached [21 J. 
Furthermore, although concrete tensil e fail ure can be controlled by 
reinforcement, the capaci ty of the anchor bolt will be reduced due to 
bendIng between the shear plane and the top layer of reinforcement 01" 

hairpins. Thus, it is desirable to provide adequate edge distance 
whenever possi ble. Shear reinforcement, if necessary, should be placed 
as neal" as possi ble to the shear plane to reduce bending stresses in 
the anchors. 

Sample capacity calculations for an anchorage loaded In shear 
are presented In AppendIx A.2.2. 

2.2.3 Co,!!!bIned Tension and Shear. The behavior of anchors 
subj ected to a com binati on of tensIon and shear 1 s more com plex than 
that of anchors under pure tensIon 01" shear. Since the anchor actually 
resists the applied shear by a combInatIon of dIrect shear and tensIon 
due to flexure, the full tensile capacIty of the anchor will not be 
available for resIstIng the tensIle load component. 

Relati vely few investIgatIons have been made into the behavior 
of anchor bolts under combIned loadIng. McMackin, Slutter and Fishel" 
[10J presented an Interaction equatIon which represented the best fit 
to results obtained from their tests of indivIdual anchors under 
combined loading. 

(Pu /flJ sps)5 / 3 + (V IflJ V )513 < 1 u s s - (2. 1lt) 

In this expression the tensile capaci ty of the anchor, Pc' 
was determined by the pullout cone method of Subsection 2.2.1. The 
shear capacity, Vc ' on the other hand, was based on an empirical 
formula which has been largely replaced by the more rational method of 
subsection 2.2.2. Thi s interactIon equation Is not vall d wi th a 
dIfferent expression for V c' 

In 1979, Adihardjo and Soltis [23J conducted tests on 
indi vIdual anchors with base plates resting on 1-in. grout pads. They 
proposed a failure model which treats the anchor as a fixed-end member 
subjected to moment and axial tension. Rathel" than deriving an 
interaction equation, they recommended further investigation to 
determine such parameters as effective length and end fixity with 
regard to the proposed faIlure model. 

Since the behavior of anchors under combined loading is not 
well understood, ACI Commi ttee 3lt9 has proposed a conservati ve 
straight-lIne addItion of the pure tensile and shear capacitIes. That 
is, 



(2.14) 

The shear and tensile capaci ties should be computed as 
recommended in subsections 2.2.1 and 2.2.2 (also see Appendix A.2.2), 
and the capacity reduction factor 0s taken as 0.90. 

Note that the required tensile and shear capacities are those 
of the anchor steel. Concrete fail ure is assumed to be prevented if 
depth of embedment is adequate to develop the full tensile capaci ty of 
the anchor, since the actual tensile load must necessarily be less than 
the tensile capacity of the anchor. 

2.2.4 Load Sharing. When multiple anchors are used in a 
connection, the applied load is distributed in some manner among the 
indi vidual anchors. The actual resistance mechanism is quite complex, 
invol ving the stiffnesses and strengths of the indi vidual anchors and 
also their interaction with the load plate and with the concrete. 

Even when dealing with the relati vely well defined problem of 
a row of connectors loaded in shear (Fig. 2.11), a typical analysis 
requires that several simplifying assumptions be made. The results of 
such analyses have been found to be inconsistent with experimental 
values [24J. Fortunately, the assumption that the stress at failure is 
uniformly distributed among the bolts, seems to be borne out by 
experimental evi dence [25J. Apparently, only a relati vely small amount 
of plastic deformation is necessary to permit a uniform distribution of 
load among the bolts [25J. 

It seems reasonable to expect that if the connection behaves 
in a ductile manner, plastic deformation will allow redistribution of 
the loads among individual anchors. In the terminology of limit 
deSign, any possible resistance mechanism which satisfies statics 
represents a lower bound to the actual capacity [26]. A value for the 
actual failure load of the connection can be arrived at by conSidering 
the most efficient mechanism for reSisting the applied loads. 

For a connection loaded in pure tension or shear. the most 
efficient resistance mechanism would be one in which all anchors would 
carry a share of the load in proportion to their individual capacities. 
Theoretically, all anchors would then reach their full capacities. 
This represents the maxim um possi ble capacity of such a connection. 

An anchorage subjected to an overturning moment caused by an 
eccentri call y appli ed shear must do two things. It must resist the 
applied shear, and also provide a force couple to equilibrate the 
overturning moment. The force couple is provided by tension in the 
anchors on one side of the connection and by bearing of the base plate 
on the concrete surface at the other side. The situation is similar to 
that of a beam resisting bending moment, and the normal beam model can 



25 

p 

0<00 

Fig. 2.11 Load Distribution to Multiple Anchors 



26 

be used to determine the magnitude of the forces and the length of the 
internal lever arm. From Fig. 2.12 

T C = 0.85 f' c ab (2.15 ) 

M = T(d-a/2) (2.16) 

The remaining question is then the manner in which the shear 
load is resisted. Unlike the case of a group anchorage resisting pure 
shear, the most efficient distribution of load is not immediately 
apparent. As a first approximation, it is convenient to assume that 
the entire shear load is resisted by the anchors in the com pression 
zone (Fig. 2.13). If the load level corresponding to yielding in the 
tension bolts does not cause the bolts carrying the shear load to 
exceed their capacities, then the most efficient resistance mechanism 
has been found. In this case, strength of the connection is limited by 
the capacity of the tension bolts. 

If, on the other hand, the shear capacity of the bolts in the 
compression zone is reached before the tension bolts yield, then some 
of the shear load can be redistributed (Fig. 2.13). The "tension" 
bol ts would then be carrying a combination of tension and shear. The 
combined load-carrying capacity of the bolts is determined as in 
subsection 2.2.3. using Eq. 2.1~. 

The maximum capacity of the connection can be found by trial 
and error. A tri al val ue is chosen for the magni tude of the applied 
shear load. The shear load carried by the tension bolts is assumed to 
be the trial value less the total shear capacity of the bolts in the 
compression zone. The tension in the bolts is then determined from 
Eqs. 2.15 and 2.16. The combined stresses due to tension and shear are 
evaluated using Eq. 2.1~, and the magnitude of the applied shear is 
adjusted so that this sum approaches unity. A sample calculation of 
this type is presented in Appendix A.2.2. 

The work of Hawkins, Mitchell and Roeder [27] compared two 
different models for load-sharing in connections subjected to eccentric 
shear. The plastic distribution method is as described above, while 
the rigid plate method requires that the applied shear be distributed 
elastically to all anchors in the connection with no redistribution of 
load. For the connections tested, the plastiC distribution method gave 
ratios of measured to predi cted strengths which were closer to uni ty, 
and whi ch were always conservati vee The predi cted strengths were based 
on the interaction equation of McMackin, Slutter and Fisher [10]. If 
strength predi ctions had been made using the more conservati ve 
straight-line formula (Eq. 2.1~) of ACI Committee 3~9 [17], the ratios 
of measured to predicted strength would probably have been higher. 
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Since the interaction of tension and shear in an anchor is 
not well understood at this point, comparisons of this type cannot gi ve 
a definitive answer to the question of load distribution in the 
connection. For now, the plastic distribution method seems to be the 
most logical approach to the problem. It should be emphasized, 
however, that redistribution of load is possible only as long as the 
connection remains ductile. Sri ttle failure of the concrete must be 
prevented. 

2.2.5 Design Criteria. In establishing guidelines for the 
desi gn of anchorageS;- ACI Committee 349 requires that the fail ure 
mechanism be yielding of the anchor steel. Because of their improved 
energy absorption characteristi cs, ductile anchorages are very 
desirable for systems subj ected to impact loads [17]. Furthermore, in 
the event of an overload, ductility allows the system to redistribute 
load to less heavily stressed anchorages. Thus, the anchorage of 
traffic barriers to bridge decks is an application where ductili ty is 
of particular importance. 

Sy providing ductility, the designer can influence the 
behavior of the system at fail urea The object! ve is to increase the 
likelihood that the system will fail in the manner preferred by the 
designer. This is accomplished by providing the system with a capacity 
in the preferred failure mode which is greater than the design load and 
less than that of all possible brittle failure modes. Additional 
conservatism is incorporated by calculating the capacity in the 
preferred mode with probable rather than minimum strength values and no 
understrength factor. The capacities in the undesirable modes are 
calculated in the usual manner. 

ACI Committee 349 [17J and Kl1ngner and Mendonca [19,20,21] 
have proposed that the nominal tensile and shear capacities of the 
anchorage as governed by concrete failure exceed the specified minimum 
tensile strength of the anchor steel. Thus, 

(2.17) 

( 2.18) 

Alternatively, if hairpin reinforcement is used to carry the shear 
load, the second requirement becomes 

(2.19 ) 

These requirements are intended to prevent tensile failure of 
the concrete at anchors loaded in tension, shear, or a combination of 
the two. They also provi de the necessary ductil i ty to make possi bl e 
the redistribution of load in multiple anchor connections. 
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To summari ze, desi gn of an anchorage should begi n wi th the 
sizing of anchor bolts or studs to resist the applied loads. The other 
elements of the design, such as edge distance, depth of embedment and 
spacing of anchors, should then be selected so that the resistance of 
the anchorage to tensile failure of the concrete exceeds the ultimate 
strength of the anchor steel. An example of this type of design 
procedure is gi ven in Appendix A.2.2. 

2.3 Observed Failure Modes 

All of the tests mentioned thus far involved anchorage to 
monolithic concrete. The failure modes observed have been yielding of 
the anchor steel and tensile failure of concrete in the zone of the 
anchorage if ei ther embedment length or edge distance was inadequate. 
While reinforcement was provided in some cases (to prevent development 
of a semiconical failure surface at an anchor loaded in shear), the 
overall strength of the concrete block was not in question. 

Arnold and Hirsch [2J performed static and dynamic tests on 
full scale models of the standard Texas SDHPT Type Tl 01 traffic rail 
assembly, attached to concrete decks of various thicknesses. Two 
stati c tests were performed wi th the standard Tl0l assem bly attached to 
a 7-1 12-in.-thi ck deck (Fig. 2.14). The bol ts were placed through 
formed holes in the deck wi th load plates provided at both sides of the 
connection. The deck thickness and connection detail are typical for 
most Texas SDHPT applications. In both tests, the post punched through 
the deck before ei ther tensile fail ure of the bol ts or development of 
the usual pullout or shear failure surface had occurred. The resul ting 
crack pattern is shown schematically in Fig. 2.15. Dynamic tests 
produced the same fail ure mode. 

These tests indicate that for typical highway applications, 
the capacity of the barri er is 11 mited by the strength of the slab in 
the region of the connection. Thus, punching of the post through the 
slab must be considered as a possible failure mode. Unfortunately, the 
mechanism is not well understood. Arnold and Hirsch felt that it was 
caused by a high concentration of stress under the post base plate. 

Several modIfications to the standard detail were made in an 
effort to spread out the load. Static tests were conducted on a 7-1/2-
in. deck and a 10-in. deck, each having a 48-in. by 18-in. weI ded wire 
fabric mat (D20) placed on top of the existIng steel, as well as 
additional longitudinal steel. To eliminate bolt fracture as a failure 
mode, the usual 3/4-In. diameter, A325 bol ts were replaced wi th 7/8-in. 
diameter bolts. Although the strength of the system was increased, the 
crack patterns were identical to those of the earlier tests. An 8-in. 
and a 10-in. slab were tested with the welded wire fabric mat replaced 
by an enlarged anchor plate (Fig. 2.14). Anchor bolts of 3/4-in 
diameter were used. Both specimens failed by bol t fracture, but not 
until the typi cal crack pattern had developed. 



32 

LOAD .... 

DIRECTION OF LOAD 

I 
I 
I 
I 
I 
I 

Fig. 2.15 Schematic of Typical Crack Pattern 



33 

In the final two tests of the series, the post edge distance 
was increased from 1-3/4 in. to 3-112 in. Though the typical crack 
pattern developed, cracking was not as severe at failure as it had been 
in the previous tests. 

The exact nature of the failure mechanism is not evident from 
the results of these tests. It is clear, however, that an appropriate 
model must be developed so that the rational design of steel-post 
traffic barriers may be approached as discussed in subsection 2.2.5, 
with the deSigner setting the desired level for each failure mode. 
Development of a behavioral model for this type of failure is discussed 
in Chapter 3. 

One other test carried out by Arnold and Hirsch [2] involved 
a post connected to a rigi d foundation using the standard base plate 
and bolt arrangement. Failure occurred when the washers on the tension 
bolts pulled down through the lxl-1/2 in. slotted holes in the post 
base plate. The holes, which are in accordance with the Texas SDHPT 
standard, are larger than recommended by AISC [13] for the 3/4-in. 
diameter bolts which were used. AISC further recommends use of a 5/16-
in. minimum thickness bar or washer on all long-slotted holes, rather 
than the standard washers used. This failure mode was also observed in 
the final test of the series, which involved increased post edge 
distance. 

In light of this, all tests in the current study were 
performed on specimens having standard 13/16-in. diameter holes in the 
base plate and hardened washers on the tension bol ta. This was done to 
eliminate the possi bili ty of this fail ure mode occurring and to ensure 
that data were obtained on the types of failure which are the focus of 
this study. It is clear, however, that further study of the slotted
hole problem should be undertaken. 
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C HAP T E R 3 

DEVELOPMENT OF TEST SPECIMEN 

3.1 General Design Criteria 

The major elements of the test specimen are shown in Fig. 
3.1; the setup is similar to that used for the tests of Ref. 2. To 
observe the response of the slab in the region of the anchorage, and 
also the behavior of the anchorage itself, it was necessary to model 
the deck overhang. For testing purposes, the overhang was supported by 
a block of concrete which was tied to the laboratory floor. 

It was decided that a single specimen should be developed 
which would permi t the testing of several different anchorages. This 
would reduce the cost and time required for specimen construction. To 
determine the extent of the slab area which would be affected by load 
applied at a single post, a fini te element analysis was performed using 
the SAP IV program. The results indicated that if the posts to be 
tested were attached to the specimen at a spacing of 4 ft or more, the 
affected slab regions would not overlap. The length of the specimen 
was decreased significantly by not using the 8ft, 4in. post spacing 
typi cal of actual construction. 

As is discussed below, both the anchorage detail and the deck 
section were modified in an effort to produce a more ductile system. 
In all other respects, the specimen was as near as possible to a 
typical Texas SDHPT Type T101 installation. 

In developing the test specimen, certain goals were set for 
its performance. The plastic moment capaci ty of the W6x20 A36 steel 
post was calculated to be 522 kip-in., which corresponds to a load of 
26.6 kips applied at the top of the post. The ultimate capaci ty of the 
post (Mu = Zxfut with fut = 58 ksi for A36 steel) corresponds to a load 
of 42.9 kips applied at the top of the post. It was decided that the 
capaci ty of the system as governed by bol t fracture should fall wi thin 
those limi ts. 

Placing the tension bolts 9-1/4 in. from the back of the base 
plate (Fig. 3.2) and retaining the 3/4-in. diameter A325 bolts of the 
standard detail, results in a probable failure load of 37 kips 
(applied at the top of the post). For this calculation, the base plate 
was assumed to be 9 in. wide and f ut for the A325 bol ts was taken as 
140 ksi. The design capacity of this system as governed by bolt 
fracture is computed from the equations of Subsection 2.2.1. 
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f ut .. 120 ksi 

fy .. 0. 9f ut -108 ksi 

(2.1), repeated 

(2.2), repeated 

The limiting tensile load in the bolts is 65 kips, which corresponds to 
a load of 27 kips applied to the post. This is near the plastic 
capacity of the post and well above the current design load of 10 kips. 

The shear capacity of the two back bolts is calculated as 

Vs .. ASfyv 

where f yv = 0.67f ut 

(2.7), repeated 

(2.8), repeated 

(2.9), repeated 

This gives a maximum capacity of 49 kips for the post. Thus, the 
deSign load can be set at 27 kips, with the entire shear load being 
taken by the back bolts. The procedure of subsection 2.2.5 is followed 
to complete the design. 

The failure modes which have not yet been considered in this 
design are tensile and shear failure as governed by the capacity of the 
concrete, and the flexure-torsion failure exhibited by the specimens of 
Ref. 2. These failure modes are all somewhat related, involving the 
thickness, edge distance, and reinforcement of the concrete deck 
section. A f aU ure model was developed for the flexure-torsion type 
failure and compared with the results obtained by Ref. 2. Design of 
the specimen was based on this model. The shear and tensile capaci ti es 
of the anchorage as governed by concrete were checked separately. 

3.2 Development of Model 

The simplest failure model computes flexure-torsion capacity 
in a manner analogous to that used for computing tensile capacity. A 
roughly trapezoidal section of concrete is pushed down by the 
compressi ve stress concentrated near the back end of the base plate 
(Fig. 3.3). Failure occurs when the compressi ve force exceeds the 
resultant of tensile stresses acting on the assumed failure surface. A 
uni form nom i nal fail ur e s tress of 4lrCi s ass urn ed. Pull out of the 
tension anchors is checked independently, and the lower of the two 
capaci ties controls the des! gn. 

For a 7-1/2 in. slab conforming to the Texas SDHPT standard, 
the model predicts post failure at a lateral load of 14.6 kips. 
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Actual tests of this system resulted in fail ure loads of 18.6 and 19.0 
kips [2]. This seems to indicate that the model is overly 
conservative, and that perhaps another mechanism aids in resisting the 
downward force. 

In Fig. 3.3 it can be seen that for a typical anchorage, the 
compressi ve and tensile failure surfaces overlap; compression and 
tension occur simul taneously when the post is loaded. In the shaded 
region, the downward force must overcome the upward force produced by 
the tension bol ts for failure to occur. The moment produced by this 
force couple must be balanced by compressi ve and tensile stresses on 
the fallure surface. The body is then in equil i bri urn wi th respect to 
rotation about a horizontal neutral axis (Fig. 3.4). 

The cracking load can be obtained by equating the flexural 
stress (0= M II) with an assumed value for the tensile strength of 
concrete. T5e centroi d and mom ent of inerti a are com puted for the 
projected shape of the failure surface (Fig. 3.5). When tensile 
strength is conservati vely assumed as 7.5 Ifb, the cracking load for 
the 7-112 in. thick deck discussed above is calculated to be 8.4 kips. 
A more probable concrete strength of 10.5 no gives a value of 11.7 
kips. This is approximately the point at which first cracking occurred 
in the Arnold and Hirsch tests [2]. 

The Ultimate strength of the section can be estimated using a 
beam bending analogy (Fig. 3.6). Reinforcement is provided to carry 
the tensile stress induced in the region above the neutral axis. The 
compressi ve force is taken as 0.85 fb ab', where b' is the average 
width of the trapezoidal compression face. If the overturning moment 
is the result of an eccentrically applied shear load, the shear force 
must be included in the model. 

USing this analysis, the failure load for the 7-1/2 in. thick 
section was calculated to be 16.4 kips. The reinforcement which was 
considered to be effective in this analysis included both the 
transverse slab reinforcement with! n the fail ure surface (115 Grade 40 
reinforcing bars at 5-1/4 in.), and the bolt anchorage bars lying in 
the direction of the load (two 2-1/2 in. by 1/4 in. A36 bars). Taking 
the probable yield strength of both types of reinforcement as 42 ksi. 
the calculated failure load is 18.1 kips, close to the observed failure 
loads of 18.6 and 19.0 kips [2]. 

3.3 Specimen Design 

Design of the test specimen was based on the failure model 
described above and in Figs. 3.4 through 3.6. To better control the 
severe diagonal cracking reported in the tests of Ref. 2, the use of 
torsional or cage reinforcement was investigated. In Fig. 3.7. bars 
placed such that the vertical leg crosses the failure surface are 
labeled V-bars. Those bars which have the vertical leg fully contained 
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within the failure surface are labeled H-bars. Note that only the top 
horizontal legs of the H-bars are effective in resisting this type of 
fail ure, and onl y the verti cal legs of the V-bars are effecti vee 
The bottom horizontal leg of each cage bar also crosses the failure 
surface, but is not hi ghly stressed. 

The model was modified to include shear stresses acting on 
the inclined failure surface in the compression zone. In this 
analysis, the three equilibrium equations are used to determine the 
unknowns: the applied shear, V; the depth of the compression block, a; 
and the inclined shear force, Vi. Since it is possible that not a1l of 
the reinforcement will reach yield, the stress in each leg of the cage 
reinforcement and that in the hairpin or shear reinforcement is 
determIned by using compati bili ty equatIons to compute each unknown 
stress in terms of its distance from the neutral axis. 

From Fig. 3.8, 

o 

IFy = 0 • 

nhAcf s2 + (nv+nh)Ac fs3 + Ahfsh 

- V - Vi cos45° 

- 0.85 f' cab' cos45° 

nvAcfsl + Vi sin45° 

- 0.85f'c ab' sin45° 

TakIng moments about the centroid of the compression block, 

IM = 0 = AV + (t-1/2 a sin450 )V 

- nvAcf s 1 (hl-l 12 a cos450 ) 

- nhAcf s2(hr1 12 a sin450 ) 

- Ahfsh(hh-1/2 a sin450 ) 

- (nv+nh)Acfs3(h3-1/2 a sin45 0 ) 

<3.0 

In Fig. 3.9, E:c is the strain in the concrete at one of the 
reinforcement locations. 

<3.4a) 
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~ 
H XV YLx = 

V 
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nh Ac fs 

~fSh 

t 
hh 

h2 

(nV + nh) AC fS:3 

h 

A = cross-sectional area of one cage bar c 
Ah = total area of shear or hairpin reinforcement 

fsl = str.!ss in vertical leg of cage bar 

fs2 = stress in top horizontal leg of cage bar 

fs3 = stress in bottom horizontal leg of cage bar 

f = sh stress in shear or hairpin reinforcement 

n = number of V-bars (Fig. 3.7) v 
nh 

::: number of H-bars (Fig. 3.7) 

A = distance from point of application of shear 
load to top of slab 

hl , h2' h3' h4 : distance from center line of 
reinforcemen t to point shown 

Fig. 3.8 Flexure-Torsion Failure Model 
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and 

(3.4b) 

Putting this in terms of the variable, a, 

a 61 c (3.4c) 

(3.4d) 

The direction of strain in the steel is at a 450 angle to the direction 
of strain in the concrete. Using Mohr's Circle, or another procedure 
for transforming strains, 

£c/2 (3. 4e) 

and 

(3.4f) 

Then the steel stress is given by 

(3. 4g) 

A computer program was written to carry out this analyti cal 
procedure, permitting a large number of designs to be tried. 
Originally, the program simply sol ved for the seven unknowns. In some 
cases, the resulting value for the inclined shear stress exceeded the 
maximum available shear stress on the inclined surface, taken as 800 to 
1200 psi [22], and the solution was considered invalid. 

This analysis requires that the compression force (O.85fo ab' 
sin 450 ) be balanced by the force in the vertical leg of the cage bars, 
and by the vertical component of the inclined shear force. When the 
vertical reinforcement is inadequate, the inclined shear force becomes 
excessive. Although it is not possible for such a section to carry the 
applied shear load determined in such an analysis, the section is 
capable of withstanding a lower level of load. 

To solve this problem, the program was modified to compute 
the equilibrium forces over a range of maximum concrete strains. 
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Originally, the maximum concrete strain (£u in Eq. 3.4) had been taken 
as 0.003. In the revised procedure, the stress at each strain level is 
determined using the Hognestad stress-strain diagram for concrete. 
Instead of assuming a rectangular stress block, the compressi ve force 
in the concrete is determined by integration of the stress diagram. 
Thus, the analysis is valid at lower strain levels, allowing the 
maximum load to be determined in all cases. A program listing is 
included in Appendix A.3.2, along with sample results. 

The design resulting from this analysis is shown in Figs. 
3.10 and 3.11. Note that neither bolt anchorage bars nor hairpin 
reinforcement are used. It was fel t that the longi tudinal slab steel, 
which passes behind the vertical leg of the U-shaped bars and in front 
of the bolt, would be able to restrain the bolt, transferring load to 
the U-bars and thus to the concrete. The four 114 bars (two for each 
bolt) which function in this manner provide a shear capacity of 48 
ki ps, or 43.2 ki ps when reduced by the understrength factor for steel. 
This exceeds the 37-kip load corresponding to the ultimate tensile 
capaci ty of the anchors. 

The remaining failure mode to be considered is cone pullout 
due to the tensile load in the front bolts. Given the 10- in. slab 
thickness shown in Fig. 3.10, a 7/8-in. thick anchor plate was provided 
on the underside of the slab, to prevent the bolt from pulling through. 

Figure 3.12 shows the capacity of the design section in each 
failure mode. The nominal capacities correspond to nominal yield 
strengths for Gr. 60 reinforcement and A36 steel, nominal ultimate 
tensile strength for A307 anchors, a diagonal tensile strength for 
concrete of 4~ and no understrength factors. The probable 
capacities were computed similarly, except that the yield strengths of 
Gr. 60 reinforcement and A36 steel were increased to probable values of 
67 and 42 ksi, respectively. 

To complete the design of the test specimen, it was necessary 
to provide reinforcement in the region beyond the assumed failure 
surface which would give the slab a transverse flexural capacity 
equi valent to that of the Texas Hi ghway Department's standard desi go. 
In other words, a 4-ft section of the test specimen, with a post in the 
middle, should have the same transverse flexural capacity as an 8-ft, 
4-in. section of the standard design. This was accomplished by using 
114 U-bars spaced at 5 in., as shown in Fig. 3.13. 
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C HAP T E R 4 

SPECIMEN PREPARATION AND TESTING PROCEDURE 

4.1 Materials 

4.1.1 Concrete. The concrete used conformed to Texas SDHPT 
requirements for Cl ass C concrete. It was desi gned to have a 4000-psi 
compressi ve strength, using a cement content of 6 sacks per cubic yard 
of concrete. When the concrete arri ved at the laboratory from the 
ready-mix plant, it had very low slump. The water-cement ratio 
appeared to be much lower than called for. Some water was added, but 
it was felt that adding a large amount of water would be unwise. The 
concrete was quite stiff when placed. 

The 28-day strength of the concrete was 5920 pSi. By the time 
testing started, the strength had risen to 6720 pSi, considerably 
hi gher than the desi gn strength of 4000 psi. A plot of concrete 
strength versus time is shown in Fig. 4.1. The splitting tensile 
strength was found to be 520 psi. 

As explained leter, the governing failure made for all barrier 
specimens was diagonal tension failure of the concrete_. _Diagonal 
tensile strength of concrete is usually proportional to If::, and the 
specimens as tested were therefore considerably stronger than specified 
in diagonal tension. Since even these stronger specimens failed in 
diagonal tension, specimens with only the minimum specified concrete 
strength would also have failed in the same way. Test results from the 
stronger specimens are therefore still indicative of the probable 
performance of specimens wi th lower concrete strength. 

4.1.2 Reinforcing Steel. Grade 60 deformed steel bars were 
used for all rei nforcement. All bars were #4, and were from the same 
heat. Random bars were selected for tension tests. The measured yield 
strength was 54 ksij the ultimate strength was 85 ksi. The stress
strain relationship is shown in Fig. 4.2. 

4.1.3 Anchors. All anchors were threaded rods conformi ng to 
ASTM A 193 Grade B7. The rods had 2H heavy hex nuts and A325 hardened 
flat washers at each end. The first part of the testing program used 
3/4-in. diameter rods. Since these were all taken from the same heat, 
rods were randomly selected for tensile tests. Based on nominal cross
sectional areas, the yield strength and ultimate strength were 125 and 
139 ksi, respectively. The stress-strain relationship is shown in Fig. 
4.3. The last two tests were conducted using 1/2-in. diameter rods. 
These rods did not come from the same heat, and so were indi vidually 
tested. Based on nominal cross-sectional areas, the average yield 
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strength was 78 ksi, and the average ultimate strength, 84 ksi. A 
typi cal stress-strain diagram is shown in Fig. 4.4. 

4.1.4 Structural Steel. The W 6x20 posts, base pI ates, load 
plates. and stiffeners were all of A36 steel. 

4.2 Specimen Detail and Construction 

4.2.1 Specimen Details. Overall nominal dimensions for the 
specimen are shownlnFig. 4.5. The three barri er posts are equally 
spaced at 48 in. center to center. Note that the edge distance is less 
on the west end of the specimen. The edge distance on the east end of 
the specimen was chosen to ensure the development of a complete 
flexural-torsional fail ure surface as shown in Fig. 3.5 The effects of 
reduced edge distance were to be investigated at the west-end post 
location. 

The specimen reinforcement is shown in Fig. 4.6. 
Construction of the reinforcing cage is shown in Fig. 4.7. 

4.2.2 Formwork. The form work was constructed using 3/4- in. 
exterior grade plywood with 2- by 4-in. bracing. Holes for the anchors 
were formed by placing sections of 3/4-in. 1.D. PVC pipe in the hole 
locations. The pipes were held in place at top and bottom by wooden 
dowels about 1/4 in. thick, and with diameters equal to the inside 
diameter of the pipe. The bottom dowels were nailed to the bottom of 
the form, while the top dowels were mounted on wooden platforms which 
were suspended from 2- by It-in. braces which spanned the form (Fig. 
It.8). Holes for the tie-down rods were formed in the same manner using 
1-1/2 in. 1.D. pi pee The forms were lacquered and oiled prior to 
casting. 

It.2.3 Casting. The specimen was cast on December 12, 
The concrete was placed in one lift and mechanically vibrated. 
surface was screeded and troweled. 

It.3 Test Setup and Loading Apparatus 

1981t. 
The 

4.3.1 Test Setup. The test setup is shown in Figs. It.9 and 
It.l0. The specimen was-anchored to the laboratory floor using l-in. 
diameter rods tensioned to 25 kips. 

The test frame was fabricated from two Cl0x15.3 sections back 
to back, and using two C6x13 sections for the diagonal. Stiffeners 
were added at the load point and at the connecti on of the di agonal. 
The frame was tied to the laboratory floor with l-in. diameter threaded 
rods, each tensioned to 25 kips. 
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The 1 OO-ki P capaci ty t doubl e-ended ram was bol ted to a 
loading plate mounted on the test frame. It was temporarily supported 
by a steel frame which rested on the specimen. The other end of the 
ram was bolted to a load plate on the W6x20 post. Both ends of the ram 
were equipped with clevises which allowed the ram to rotate once 
deflection of the post began. 

Crash Test Results 

Buth et al. performed a series of tests in which various 
types of vehicles were dri ven into a wall instrumented with load cells 
and accelerometers [28]. Both the vehicle's speed and its angle of 
impact were varied. Plots of lateral force versus time indicate that 
two impacts occurred in each test. The first was a relati vely long but 
low-intensity pulse, produced as the front of the vehicle scraped along 
the wall. The second impulse, very sharp and of greater intensity, 
corresponded to the impact of the back end of the vehicle, as the 
front end bounced off the wall. A typical load versus time curve is 
shown in Fig. 4.11a. 

It was decided that the second, more intense, impact was more 
critical, and would be modeled in the current test program. Note that 
the load variation over time is virtually triangular, and can be 
closely simulated by a triangular pulse (Fig. 4.11b). 

Hydraulic System 

The loads measured in the crash test program had a total 
duration on the order of 0.05 to 0.15 sec (for the second pulse). A 
hydraulic loading system was chosen because the applicatIon of the load 
could be carefully controlled and moni tored. The tradi tional method of 
applying impact loads by means of a pendulum is very dIfficult to 
control. The major drawback of the hydraulic system is that the speed 
with which load can be applied is limited by the rate at which 
hydraulic fluid can be input to the actuator. The magnitude of the 
applied load depends on the maxim um fl ow rate. the duration of the 
loading and the flexibility of the barrier system. 

It was not consi dered feasi ble to match the load duration of 
the crash test program for all test pulses. Instead, a hydraulic 
system whi ch would maximi ze flow rate was developed from the available 
equipment. This system is shown schematically in Fig. 4.12. 

The shortest pulse duration over whi ch this system could 
apply a load of a gi ven magni tude was limi ted by the flow rate of the 
servovalves. The valves used have a rated capacity of 15 gpm. 
Although a larger valve was available, its response time is so long 
that the pulse duration could not have been decreased at the required 
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load levels. To increase capacity wi thout sacrifi cing responsi veness. 
two 15-gpm val yes were used in parallel. 

Before entering the servovalves. each pressure line passes 
through a servi ce manifold contai ning a rubber bladder whi ch fills with 
fluid and then discharges to the system. This minimizes pressure 
fluctuations in the system and increases the amount of fluid available 
for short-duration pulses. Pulse durations used in the testing program 
ranged from 0.1 sec to 0.8 sec. The longer-length pulses were required 
only after significant deterioration of the test specimens had 
occurred. 

Load Control 

A schematic of the load control system is shown in Fig. 4.13. 
An electronic function generator is set to deli vel'" a triangular pulse 
of the desired duration. This signal is sent to the servocontroller 
whi ch opens or closes the servoval ve to produce the required load. The 
actual load is monitored by a load cell mounted between the ram and the 
post. This signal is continuously fed back to the servocontroller 
which responds by adjusting the position of the servovalve to minimize 
the difference between the measured load and the programmed load. 

4.3.3 static Loads. The system just descri bed was also used 
to produce stati c loads. The function generator was not used. 
Instead. a constant load was set on the servocontroller. OtherWise. 
the system functioned in the same manner. with the servocontroller 
making adjustments to keep the load constant. As is discussed later. 
in one of the static tests. the load was deflection-controlled. A 
target deflection was set on the servocontroller. and a linear 
potentiometer was mounted on the ram to moni tor the actual deflection. 

4.4 Instrumentation 

Electrical resistance strain gages were placed on the vertical 
and top hori zontal legs of selected U-shaped rei nforcing bars. These 
locations were chosen because they were predicted by the failure model 
to be the most highly stressed in the failure model. At each post 
location. the two U-bars between the bolts, and the first U-bar beyond 
the base plate on each side of the post were gaged. In each test. only 
four of the eight gages were connected. The duplicate gages were put 
in as backups, si nce gages can be damaged duri ng placi ng of the 
concrete. 

A strain gage was also placed on each post, about 1 in. above 
the base. During the stati c tests, this was used to determine whether 
the post had yielded. Since only eight channels of data acquisition 
were available for the impact tests, this gage was not connected for 
those tests, and yielding was determined by inspection of the post. 
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A 100-kip capacity load cell was mounted between the 
actuator and the post to measure the applied load. A linear 
potentiometer was attached to the actuator to measure the deflection of 
the post. The load cell used had the capability of measuring load on 
two channels simultaneously and independently. Thus, one channel was 
fed into the data acquisi tion system, while the other channel moni tored 
the load for the load control system. For the deflection-controlled 
test, a second linear potentiometer was added. 

The tension in the front bol ts was measured by load cells 
placed between the bottom of the slab and the bottom nut on the anchor. 
Each load cell consisted of four strain gages connected to form a full 
bridge and mounted on a piece of round mechanical tubing made of high 
strength carbon steel. The tubing was placed over the anchor and held 
in place by a plate washer and the anchor nut (Fig. 4.14). Prior to 
use, the load cells were cali brated using a center-hole actuator. The 
compressi ve force in the load cell was assumed to equal the tensile 
force in the anchor bolt. 

~5 Data Acquisition 

4.5.1 Static Tests. The res ponses of the strai n gages, 
linear potentiometer, and load cells, were continuously monitored 
during testing by a Hewlett Packard 3497A high-speed data acquisition 
system. A zero reading was first taken, and scans were made when a 
load was initially applied. If a significant amount of time elapsed 
between load stages, a second scan was made before applying the next 
i ncr em ent of load. 

4.5.2 l!!!pact Tests. Data from the impact tests were 
recorded on two Data Precision D6000 digital oscilloscopes. Each 
machine can measure and store the output from four transducers. The 
load and displacement data were recorded on one machine while the 
strain gage data were recorded on the other. Both machines were 
triggered by a signal from the load cell channel. Once the signals for 
a test had been internally recorded, they were transferred to computer 
diskettes for permanent storage and further reduction. 

4.6 Test Sequence 

4.6.1 Planned Test Sequence. The test program ori ginally 
planned was as follows: 

(1) Static test of center post: load-deflection response 

(2) Replace center post; repeated impact at moderate load 
levels; impact at ultimate 
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Fig. 4.14 Load Cells on Tension Anchors 
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(3) Impact test at ul timate load - east end post 

(4) Replace east end post; repeated impact at moderate load 
levels; impact at ul timate load 

(5) Static test of west end post 

(6) Replace west end post; impact test at ultimate load 

Once testing began, this program did not prove to be feasible. The 
actual test program and the reason for the change are described below. 

4.6.2 Actual Test Sequence. The stati c test of the center 
post resulted in abri ttle fail ure:-The test is descri bed in detail in 
Chapter 5. Damage to the slab was so great that further tests could 
not be carried out at this location. Since the actual failure, due to 
fracture of the weld between the post and base plate, occurred before 
anchorage failure, the test was inconclusi ve. It was therefore decided 
that a second static test should be performed before proceeding wi th 
the impact tests. 

The west-end post location was chosen for this test since it 
was deemed necessary to preserve one location for an impact test where 
the slab had not been damaged, and where edge effects would not be a 
problem. The edge effect investigation originally planned for the 
west-end post was a secondary objective. The static test on the west
end post also produced a nonductile failure, but was terminated before 
very severe damage to the slab had occurred. 

An impact test was then performed at the west location. To 
produce a ductile failure, the anchors were changed to 1/2 in. diameter 
threaded rods. A seri es of tests was carried out at increasing load 
levels until an anchor fractured. Finally, the as yet undamaged east
end post location was tested in the same manner. Again. 1/2-in. 
diameter anchors were substi tuted for those ori gi nally specified. 

The actual test sequence was then as follows: 

(1) Static test of center post 

(2) Static test of west end post 

(3) Impact test of west end post 

( 4) Impact test of east end post 

The sequence is ill ustrated in Fig. 4.15. 



72 

West Post 

Center Post 

East Post 

Fig. 4.15 Testing Sequence 
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C HAP T E R 5 

TEST RESULTS 

5.1 Description of Static Tests and Results 

5.1.1 Static Test of Center Post. The first static test was 
performed at the center pos~location. Results from the static tests of 
the center and west-end posts are presented in Figs. 5.1 through 5.7. 
In Fig. 5.2, the anchor load is the sum of the loads measured in the 
two tension anchors. The stress in the U-shaped reinforcing bars near 
the post is plotted as a function of displacement in Figs. 5.4 through 
5.7. The corresponding strain gage locations are given in Table 5.1. 

Load was applied in approximately 2-kip increments. When the 
load reached 12 kips, the base plate slipped laterally (0.01 - 0.05 in) 
on the hydrostone pad. The first significant cracks began to show at 
the 14-kip load stage (Fig. 5.8). The cracks developed as expected, 
extending diagonally from the compression zone beneath the base plate. 
By a load of 18 kips, the cracks had extended to the bottom of the deck 
section (Fig. 5.9). As shown in Fig. 5.10, the crack extending from 
the east edge of the post was at a steeper angle than the assumed 450 • 

When the 20-kip load was first applied, a vertical crack 
developed, centered on the post and extending the full thickness of the 
deck (Fig. 5.11). At the next load stage (22 kips), the fillet weld 
connecting the post to the base plate broke suddenly. Since the test 
was load-controlled, a large error was created between the desired and 
applied loads. The servocontroller shut off, and the load immediately 
dropped off to 2 kips (Fig. 5.12). 

When the weld broke, the point of application of the 
compressive stress block acting on the slab shifted further toward the 
slab edge. A 2-or3-in. deep section at the slab edge was pushed down 
and away from the remainder of the deck, resulting in cracks 1/8 to 1/4 
in. wide (Fig. 5.13). Until this point, the cracks had been well 
def ined but I ess than 0.015 in. wi de. 

The two 3/4-in. diameter front bolts, which were subjected to 
tension, were still intact at failure, though they had yielded in 
bending. 

5.1.2 Static Test of West-end Post. The second static test 
was performed at the --west-end post. Because the previous load
controlled test had resulted in a brittle failure, the servo-controlled 
loading system was modified to operate under displacement control. As 
explained in section 4.2.1, this post was located closer to the side 
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edge of the slab than the minimum required distance as calculated by 
analysis. Results are presented in Figs. 5.14 to 5.20. The second 
static test involved unloading and reloading of the specimen after some 
strain gages had broken. Since the strain gage data recorded under 
this circumstance are not valid, those portions of the curves have been 
omi tted from Figs. 5.11 and 5.18. First cracking occurred at a load of 
approximately 12 kips with the vertical leg of the reinforcement under 
the base plate showing a large increase in stress. On the interior 
side of the post, cracking began as in the previous test. On the 
exterior side, however, the crack extended from the front of the 
compression zone near the base plate, to the west edge of the slab 
(Fig. 5.21). That is, the crack propagated perpendicular to the 
direction of loading, rather than angling toward the north edge of the 
slab in the usual manner. The crack then extended toward the bottom 
and back of the slab at about a 450 angle. 

At a load of about 11 kips, cracks began developing near the 
tension bolts (Fig. 5.22). At this pOint, the widest crack was 0.013 
in. wide. At a load of 11.1 kips the base plate slipped about 0.1 in. 
on the grout pad. 

After reaching a load of 11.9 kips, the specimen was 
unloaded. It was then reloaded, but the linear potentiometer was not 
functioning properly and the test was stopped. The specimen was again 
reloaded. By the 12-kip load stage, the base plate had begun to bend. 
At the peak load of 13.5 kips the concrete failure surface had fully 
developed, and cracks were quite wide. 

Subsequent loading produced a series of cracks behind the 
base plate, perpendicular to the direction of loading (Fig. 5.23). A 
flexural inelastic hinge had developed in the slab behind the post 
attaohment, permitting the post and surrounding slab to move as a rigid 
body. A permanent deformation had occurred in the top slab 
reinforcement, resulting in a permanent deflection at the top of the 
post of about 0.3 in. in the direction of load. The test was 
terminated since it was evident that the post-slab system would not 
carry additional load. The two 3/4-in. diameter tension rods remained 
intact throughout the test. 

5.2 Description of Impact Tests 

5.2.1 General. A series of impact tests were performed under 
load control, us ng monotonically increasing values of peak load. 
Corresponding to each peak load, several tests were carried out. In the 
following diSCUSSion, those tests are referred to using the following 
notation: a number (indicating the peak load in kips), followed by a 
letter (indicating the test, starting at A and going toward Z). For 
example, Tests 12A, 12B and 12C were the first 3 tests involving a peak 
target load of 12 kips. 
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Because of limitations in the flow rates of the two 
servovalves, it was not possible to apply very large peak loads in 
short-duration pulses. The loads actually applied were in many cases 
considerably below the target values. Therefore, Tests 12A, 12B and so 
forth might actually involve peak loads lower than 12 kips. The test 
results are always discussed in terms of the actual applied load. 
However, the test names, and the corresponding figure titles, refer to 
the nominal (target) val ues. 

5.2.2 Impact Test of West-end Post. After the test descri bed 
in the previous sectionwas terminated, tFie loading system was again 
modified to produce a triangular pulse loading of variable duration, 
under load control. In addi tion, the 3/4-in. diameter rods were 
replaced with 1/2-in. diameter rods, in an attempt to force the 
anchorage to exhi bi t a ductile fail ure mode. The maximum load level 
was increased in approximately 2-kip increments. 

Fi gures 5.24 through 5.30 show the resul ts of im pact tes ts 
performed at the west-end post location. Due to the considerable 
damage caused by the earli er stati c test at thi s location, onl y the 
main load cell (Channel 1) and linear potentiometer (Channel 2) gave 
meaningful data. A different notation was used for the names of tests 
conducted on the west-end post--the tests were simply numbered in the 
order they were conducted. 

A typical curve of applied load vs. time is shown in Fig. 
5.24. This part1 cuI ar test (Test 8) had a peak appli ed load of 9.8 
kips and a 0.8-sec pulse duration. Figure 5.25 shows a similar loading 
history for Test 10, which had a peak load of 11.5 kips. The sudden 
drop to a load of 6 kips corresponds to fracture of one of the two 
tension anchors. 

Load-displacement curves for several tests are shown in Fig. 
5.26. In tests 1 through 6, the response of the system was essentially 
elastiC, with the displacement vs. time curves conforming to the shape 
of the load VB. time curves. The first permanent deformation occurred 
in Test 7. A picture of the displacement history of the system can be 
gathered from Figs. 5.27 through 5.30. The specimen had been badly 
damaged by the previous static test, and repeated impacts widened the 
pre-existing cracks (Fig. 5.31). When a 12-kip maximum load was 
applied, one of the two tension anchors fractured (Figs. 5.32. 5.33). 
The post did not yield. 

5.2.3 Impact Test of East-end Post. The procedure of the 
previous test was-repeated a~he east-end post location. Again, 1/2-
in. diameter bolts were used. The first tests were performed with a 
0.2-second pulse duration. Figure 5.34 shows a typical load curve. It 
can be seen that the actual peak load (7.6 kips) closely approximates 
the target load. As testing progressed, the actual load began to drop 
off wi th respect to the tar get load. At Test 12D, the pulse durati on 
was changed to 0.4 second. Actual load again approached the target 
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load, dropping off slightly as the testing proceeded. A typical 0.4 
second pulse (Test 14A) is shown in Fig. 5.35. For ease in 
interpreting this and other figures referring to impact tests on the 
east-end post, the channel descriptions are gi ven in Table 5.2. 

The load vs. time curve for the following test (148) shows a 
sudden drop in load (Fig. 5.36) at a value of 11.7 kips. This 
corresponds to first cracking of the specimen. Due to the large 
increase in displacement following that cracking, Tests 14C and 16A 
resulted in peak loads of only 9 kips and 10.5 kips, respect! vely. For 
test 168 and 18A the pulse duration was increased to 0.8 seconds (Fig. 
5.37). The system had lost much of its stiffness, and it became very 
difficult to produce any increase in load. A 1.6-second pulse was used 
for Test 188, and a 2.4-second pulse for Test 18C. This last test 
finally fractured the tension anchors. 

The typical displacement vs. time curves of Figs. 5.38 and 
5.39 are similar in form to the load vs. time curves of Figs. 5.34 and 
5.35. The response in these tests was essentially elastic. The 
displacement curve for Test 148 (Fig. 5.40) shows about a 0.2-in. 
permanent displacement, corresponding to first cracking. From this 
point, the permanent deformation increased with each successive impact 
(Fig. 5.41). 

The load in the tension anchors for a low level impact is 
shown in Figs. 5.42 and 5.43. Note that the anchor of Channel 3 does 
not show significant tension until its ini tial pretension is exceeded. 
The anchor loads for Test 148, shown in Figs. 5.44 and 5.45, reflect 
the sharp decrease in anchor load when cracking of the specimen 
occurred. 

Stresses in the reinforcement are presented in Figs. 5.46 
through 5.56 for Tests 14A, 148 and 18A. 8ecause it was necessary to 
measure a very low level response, a great deal of background noi se was 
also recorded, and is reflected in the graphs. 

A series of load-deflection curves for different tests are 
shown in Fig. 5.57. 

First cracking occurred at a load of 11.5 kips (Test 148). On 
the exterior side of the post, cracking began near the back edge of the 
base plate (side nearest slab edge) and extended immediately to the 
slab edge at an angle of about 200 (Fig. 5.58). A second crack 
extended from the center of the back edge of the base plate, roughly 
parallel to the first crack. On the interior side of the post, a crack 
extended to about the top quarter of the slab thickness. When the next 
load was applied (Test 14C) the crack reached the bottom of the slab 
(Fig. 5.59). At this pOint, the major cracks were about 1/4 in. wide. 
The cracks are illustrated in Fig. 5.60. It can be seen that the 
interior crack (c) is consistent wi th the theoretical failure surface 
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discussed in Chapter 3, while cracks a and b on the exterior side 
represent a more localized failure. 

At a load of 11.65 kips (Test 16B), the strip of concrete 
between cracks a and b (in Fig. 5.60) began to spall. Three 11.8- kip 
loads were then applied to the post. The second of these (Test 18B) 
caused yielding of the tension anchors and a permanent rotation of the 
post and base plate. The back edge of the base plate became embedded 
in the cracked concrete. Both tension anchors fractured when the third 
11.8-kip load was applied (Test 18C). Cracks were quite wide, with 
reinforcement exposed in some areas (Figs. 5.61, 5.62 and 5.63). 
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TABLE 5.1 

STRAIN GAGE LOCATIONS 

Notation Test 

First Static Second Static 

Bar Stress 1 

Bar Stress 2 

Bar Stress 3 

Bar Stress 4 

Vertical Leg
West Inside Bar 

Vertical Leg 
West Outside Bar 

Top Hori z Leg
West Outside Bar 

Top Horiz 
Leg-West 
Inside Bar 

Vertical Leg-West 
Inside Bar 

Vertical Leg
Wes t Outsi de Bar 

Top Hori z Leg
East Outside Bar 

Top Hori z Leg
Eas t I nsi de Bar 



Channel 

2 

3 

4 

5 

6 

7 

8 

TABLE 5.2 

Descriptions 

Load applied to post 

Hori zontal displacement at top of post 

Load in East tension anchor 

Load in West tension anchor 

Stress in top horizontal leg of West inside 
bar 

Stress in vertical leg of West inside bar 

Stress in top horizontal leg of East outside 
bar 

Stress in vertical leg of West outside bar 
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Fig. 5.8 Initial diagonal cr'acking at center post location 

Fig. 5.9 Diagonal cr acki ng at center POSt location 
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Fig. 5.11 Development of vertical crack undel' center post 

Fig. 5.12 Ce~ ter post a f ter weld failure 
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Fig. S.13 Large diagonal cracks at center post location 
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Fig. S.21 Initial cracking at west-end post location 

Fig. S.22 Cracking near tension bolts of west-end post 
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Fig. 5.23 Flexural cracking behind west-end base plate 
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Fig. 5.31 Widening of cracks at west-end post locati .: ~. 
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i~g. 5.32 Fracture of tension anchor at west-end post 
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Fig. 5.33 Fractured tension anchor at west-end post 
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Fig. 5.58 Initial cracking at east-end rost locatiou 
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Fig. 5.59 Diagonal cracking at east-end post location 
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Fig. 5.61 East-end post location at failure 

Fig. 5.62 East-end post location at failure 
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Fig. 5.63 East-end post location at failure 



C HAP T E R 6 

DISCUSSION OF RESULTS 

6.1 Review of Observed Behavior 

As discussed in Chapters 2 and 3. the specimen was designed to 
f ail by fracture of the tension anchors. Such a f ai 1 ure was in fact 
Observed. but only after the area of the tension anchors was decreased 
to less than half the currently specified val ue, and only after 
extensive damage to the deck. The other failure modes which had been 
considered, such as tensile cone pullout or yielding of the slab in 
flexure, were prevented. Although failure of the weld connecting the 
post to the base plate caused premature failure in the center post 
test, the problem was corrected by improved weldi ng techni ques, and 
this failure mode did not occur in any of the subsequent tests. 

Although the observed crack patterns generally resembled the 
expected pattern for flexural-torsional failure, this failure mode did 
not fully develop. Stress m eas urem ents i ndi cate that the U -shaped 
reinforcing bars did not yield in any of the tests. For the west-end 
post test, the recorded stresses in the slab reinforcement are qui te 
low even near fail urea It is hypothesized that the full development of 
this failure mechanism was prevented by a local failure at the slab 
edge. Due to high compressi ve stresses near the back (outside edge) of 
the base plate, a narrow stri p at the deck edge was pushed down and 
away from the remainder of the deck. This failure mode is discussed in 
the following section. 

One of the obj ecti ves of this research program was to obtain 
information on the behavior of the system under repeated impact loads. 
Load vs. deflection curves for the two impact test series indicate 
that, for low-level impacts, the behavior is very stable. The 
occurrence of a brittle failure, however, prevented investigation of 
the system's energy dissi pation capabili ti es at high loads. 

6.2 Diagonal Tension Failure Mode 

In the flexural-torsional failure model, the failure surface 
was assumed to slope away from the top of the slab at an angle of 450• 
The failure surface was actually much steeper, and was located much 
closer to the free edge of the slab. Fi gure 6.1 shows the shape of the 
failure surface at the east-end post 10cati0n, based on measurements of 
the crack pattern of Fig. 5.60. Note that at Section AA of the figure, 
the failure surface extends almost vertically from the compression 
zone. Thus, the fail ure is restri cted to a thi n stri p at the edge of 
the deck. 
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One of the implications of this failure mode is that the 
reinforcement, positioned to cross the assumed failure surfaces, does 
not function in the intended manner. Examination of the strain gage 
data (Table 5.2) for the first static test (center post) reveals that 
although stress was highest in the top horizontal leg of the interior 
U-bar (as would be expected), the vertical leg and top horizontal leg 
of the outside U-bar reached approximately the same stress level. The 
horizontal leg picked up more stress than expected, while the vertical 
leg picked up less. Results from the second static test (west-end 
post) are even more pronounced. The maximum stress in the top 
horizontal leg of the outside U-bar was only slightly less than that in 
the top horizontal leg of the inside bar. On the other hand, stress in 
the v.erti cal leg was very low for both the insi de and outsi de bars. 

These results seem to indicate that most of the U-bars which 
had been placed so that their vertical legs would cross the assumed 
failure surface, actually had their vertical leg completely contained 
inside the block of concrete which broke away from the rest of the 
slab. In such cases, the top horizontal legs of the bars crossed the 
actual failure surface. 

Behavior during the impact tests is more difficult to 
interpret. Due to prior damage sustained during the static tests, no 
strain gage data are available from the west-end post tests. Data for 
the verti call egs of U-bars at the east-end location are am bi guous. 
The horizontal leg stresses during the east-end tests, however, show an 
interesting trend. When stress in the inside bar was maximum (12 ksi 
for Test PtA), stress in the outside bar was low (4.6 ks!). By Test 
18A, stress in the inside bar had dropped to 7 kSi, while stress in the 
outside bar had risen to 9.3 ksi. Thus. the horizontal leg of the 
outside bars became effecti ve as the fail ure surface propagated away 
from the loading point. This is illustrated in Fig. 6.2, in which the 
failure surface at a distance of 1-112 in. from the free edge of the 
slab (coinciding with the clear cover) is shown by dashed lines. 

Although the top horizontal legs of most of the U-bars 
resisted flexural-torsional failure of the slab, they were not 
effective in resisting the diagonal tensile stresses caused by the 
downward force on the edge strip. Only the strength of the concrete 
was available to resist this fail ure mode. 

6.3. Analytical Model for Diagonal Tension Failure Mode 

A model for this type of failure is described in Section 3.2. 
It was not considered in the design process for specimens of this 
st udy. because the predi cted fail ure loads as governed by t hi s 
di agonal tensi on mechani sra were consi derabl y lower than the act ual 
failure loads of the tests of Ref. 2. This seemed to indicate that the 
failure model was incorrect. 
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When a uniform tensile strength of J.i~ is assumed to act 
over the projected area of the east-end post failure surface (Fig. 
6.0, the available resistance is found to be 19.5 kips. To prevent 
failure, resistance would have to equal or exceed the compressi ve force 
applied to the top of the slab by the base plate. That compressi ve 
force, equal in magnitude to the tensile force acting on the inner set 
of anchor bolts, can be calculated based on the rotational equilibrium 
of the post. The applied load acted at a height of 20.5 in. above the 
deck surface (Fig. 3.1). Using the analytical model shown in Fig. 3.2, 
the depth of the compressi ve stress block was estimated to be about 0.5 
in., and the distance between the tensile and compressi ve reactions on 
the base plate was about (9.25 - 0.5/2) in., or 9.0 in. Summing 
moments about the tensile resultant, the magnitude of the compressi ve 
force C applied to the concrete is given by V (the lateral load applied 
to the post) multiplied by the ratio (20.5/9.0), or 2.3. If the 
available concrete failure resistance is 19.5 kips, the post load 
required to produce a compressive force just equal to that resistance 
is (19.5/22), or 8.5 kips. The actual failure load was 11.8 kips. 

The failure surfaces at the other two test locations are less 
well defined. Both the crack patterns and the magni tude of the fail ure 
loads seem to indicate that the failure surfaces extended farther into 
the slab. 

Because of the wide variation in possible failure surfaces, 
prediction of failure load using this model is very difficult. The 
shape of the projected failure surface is idealized in Fig. 6.3. This 
idealized shape is close to the observed failure surface, and its area 
is simple to calculate. The failure load V can be computed from the 
following equations: 

Where b 
s 

H 

V '" C (d p - a/2) /H 

C .. 0.85 f' c ab 

C '" J.trrr; Ap 

(6.1) 

( 6.2) 

(6.3) 

Ap .. (s+a) [2t - 3(s+a)] + 6 (s+a)2 

== 2t (s+a) + 3 (s+a)2 (6.J.t) 

,. width of base plate 
.. distance from free edge of slab to back edge of 

base plate, and 
.. vertical distance from point of application of post load 

to top of slab 

Equations (6.1) through (6.J.t) can be solved (for example) by 
substituting Eq. (6.J.t) into Eq. (6.3), equating Eqs. (6.2) and (6.3), 
and sol vi ng for a. V is then easily computed. 
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6.1I. Design for Ductile Failure 

As explained in Section 3.1, a design load of 27 kips (at top 
of post) was assumed for the specimen, consistent with the plastic 
moment capacity of the post. This required the use of two 3/1l-in. 
diameter threaded rods, placed 9-1/1l in. from the back edge of the base 
plate. The specimen was designed so that failure would be caused by 
yielding of the tension anchors. The capacity of the section as 
governed by the other failure modes considered in Chapters 2 and 3 was 
set to exceed the load corresponding to fracture of the bol ts. The 
diagonal tension mode of the previous section was not considered in the 
design of the specimen. 

The ultimate tensile strength of the two tension anchors is 
80.2 kips. To prevent a diagonal tension failure, the deck would have 
to be able to wi thstand a compressi ve force of 80.2 kips applied near 
its edge. Since all of the resistance is provided by plain concrete, a 
strength reduction factor of 0.65 would be appropriate. The deck would 
therefore have to have a nominal diagonal tension resistance of 123 
kips. From equations 6.2 and 6.3, the dimension of the compressive 
stress block measures 1I.0 in. perpendicular to the slab edge, and the 
necessary proj ected area of the failure surface is therefore 1I86 in. 

Note that ftc was taken as 1I000 psi for this calculation, 
while the measured strength of 6720 psi was used in the calculations of 
the previous section. 

The required proj ected area computed from equation 6.1I can be 
achieved only by using a thicker deck section or a larger post setback. 
To get the necessary proj ect ed area of the fail ure surf ace by 
increasing deck thickness, while keeping the current setback of 1-1/11 
in, requires a 1I9-in. thick deck. This alternative is clearly not 
feasible. Since the setback occurs as a squared term in Eq. 6.1I, its 
effect is more pronounced. Solving the quadratic equation for the 
val ue of (s+a) required to produce the necessary area gi ves a val ue of 
9.8 in. The required setback is then 5.8 in. 

This analysis is probably conservati vee It is possi ble that 
increasing post setback slightly while maintaining existing side cover 
requirements would allow the slab rei nforcement to cross the fail ure 
surface and prevent this type of failure. Different arrangements of 
reinforcement near the failure surface (an arrangement similar to Fig 
2.10a, for example) could also gi ve increased capaci ty. Due to lack of 
time, these hypotheses were not explored further. 

Another means of achieving ductility is to sacrifice some 
strength. If 5/8-in. diameter rods are used at the 9-1/11 in. spacing, 
a 5-in. setback is required (based on Eq. 6.1I) and a load of 19 kips 
can be safely applied to the post. For 1/2-in. diameter bolts, the 
required setback is 1I in., and a 12.1I kip load can be applied. The 
strength of the barrier could be increased somewhat by lengthening the 
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base plate. However, this would require a stronger base plate to 
resist the increased flexure. Decreased post spacing (more posts) 
could also offset the loss in strength to some extent. 



C HAP T E R 7 

SUMMARY AND CONCLUSIONS 

Although much effort has been devoted to the safe desi gn of 
highway barriers, it is only recently that anchorage of the barrier to 
the concrete bri dge deck has been studi ed. Tests by Arnold and Hirsch 
[2] indicate that the standard deck section used by the Texas State 
Department of Highways and Public Transportation does not possess 
sufri cient strength to develop the full capacity of either the barrier 
post or the anchor bol ts. 

In the present study, a series of static and impact tests 
were carried out on a steel barrier post (Tl01 type) anchored to a lO
in. thick reinforced concrete deck. Slab reinforcement was modified in 
an attempt to produce a test specimen which would fail by yielding of 
the tension anchors with little damage to the deck. Analytical models 
were developed for various failure modes, including one which was 
developed by interpreting the results of Ref. 2. 

All of the tests resulted in brittle failures. In most 
cases, this was attributed to a local diagonal tension failure near the 
slab edge. This type of failure could not be eliminated without 
changing key elements of the current design, such as the distance the 
post is set back from the free edge of the slab, the slab thickness, or 
the overall configuration of transverse slab reinforcement. 

The necessary changes would involve one or more of the 
following fundamental modifications to current bridge deck/barrier 
desi gn: 

1) increased post setback 
2) increased deck thickness 
3) innovati ve placement of special transverse rei nforcement 

near the anchor bolts. 

Due to lack of time, these fundamental modifications were not explored 
further. 

The primary objective of this research was to study the 
behavior of the anchorage under repeated impact loading. Repeated 
impact at low to moderate load levels proved not to be a probl em for 
either the anchorage or concrete deck; the response was very stable. 

However, larger loads resulted in brittle failures even when 
applied statically. Response to repeated impacts at higher load levels 
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could not be determined. because the brittle failure prevented 
repeti tion of the cri ti cal load. 

7.2 Conclusions 

The current Texas SDHPT desi gn detail for anchorage of steel 
post highway barriers (Tl01 type) is non-ductile. Most of the bri ttle 
failure modes. such as tension or shear cone pullout and the flexural
torsional failure, can be eliminated by relati vely simple adjustments 
to existing details. On the other hand. local failure due to diagonal 
tension, which was the critical failure mode in these tests, is very 
difficult to prevent. 

7.3 Recommendations 

Safety as well as repair considerations require that highway 
barriers fail in a ductile manner under lateral loads. One way of 
achieving this is to modify the current anchorage detail by the most 
practical and economical combination possible of: 

1 . increased pos t set backj 

2. increased slab thi cknessj 

3. decreased anchor sizes, offset by increased length of 
base plate or decreased post spacing; 

4. innovati ve placement details for special reinforcement 
near the anchor bolts; and 

5. increased di agonal tensil e resistance of concrete near 
the anchor bolts, achieved by means of fiber 
reinforcement or a similar technique. 

Otherwise, the steel-post barrier system should be replaced 
wi th a barri er s ys tern whi ch does not present such a severe ducti 1 i ty 
problem. 

7.4 Recommendations for Further Research 

Research should be directed toward the development of a 
ductile steel-post barrier system to replace the current non-ductile 
design. 
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Deri vations 
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A.I.I Pullout Strength 

Pullout strength equals resultant of inclined stresses acting on 

surface area of truncated cone. Refer to Fig. A.I. 

where 

S = surface area = 

pi = resultant of tensile stress acting perpendicular to 
cone 

f t = uniform tensile stress 

P = resultant of stresses acting in the direction of the 
c applied load 

1 2 
= f n (1 Dh + e ) t-- e --tana tana 

For a = 45° and f t = 4~ 

P = 4nlf'" (1 Dh + 1 2 ) = 4n1 (Dh + 1 )/f": c e e e e c 

Pullout strength equals resultant of tensile stresses acting on 

projected area of a truncated cone. 
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Ie 

Ie 

Fig. A.l Tension pullout cone 
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where 

For a 

A 

1 e 
tam 

1 + Dh 2 D 
11[ ( e ( --h )2 ] = 2 -) pc tan a 2 2 

1 
+ ~ 111 ( e ) = 2 e tan a tana 

P = resultant of stresses acting on projected area c 

f t = uniform tensile stress 

= 45° and f t = ~ c ' 

P = 4111 (1 + Dh)~ c e e c 

For a = 45°, pullout strength equals the resultant of tensile 

stresses acting parallel to a hypothetical cylinder. (Fig. A.lc) 

s = 2nR 1 e 

R = 1/2 (1 + Dh ) e - 2 

S = 1 n(1 + Dh ) 
e e - 2 
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P = f 7Tl (1 + Dh ) 
c tee - 2 

For f t = 41f' c 

P = 4111 (1 + Dh ) If' 
c e e - c 2 

A.1.2 Minimum Edge Distance to Prevent Lateral Bursting 

Refer to figure A.2. 

PL = lateral bUlsting force = 1/4 As f ut 

PL ~ $ft
nde

2 
$ = 0.65 

1/4 A f < (0.65) 4/~ nd 2 
s ut - c e 

d e min (2.5), repeated 
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Fig. A.2 Lateral bursting 
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Sample Anchorage Calculations 
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A.2.1 Effective Projected Area 

When the projected areas of stress cones for individual 

anchors in a mUltiple anchor connection overlap, or when the 

projected area extends beyond the free edge of the concrete 

section, the effective area may be calculated by breaking the 

complex shape into a number of simple shapes -- triangles, 

rectangles, and sectors of circles. 

For example: 4 anchors separated by a distance of 6 in. in one 

direction, 4 in. in the other; Dh = 1 in.; 

d = 10 in. (Fig. A.3) e 

R = Ie + Dh/2 

d e > R 

m = 3 in. 

n == 2 in. 

= 8 in. 

1 = 7-1/2 in.; e 

Area 1 is composed of a triangle and a sector. 

a
1 

' -1 (m/R) = Sl.n 

Al = (1/2)a
1
R2 + (1/2)m~2_m2 

Al == 
2 ,-I ~ (1/2) R S1n (m/R) + (1/.2)m -m 



m 

m 

Fig. A.3 Projected area, de> r 

de n n 
EDGE OF JI---+---I----I 
CONCRETE 

m 

m 

Fig. A.4 Projected area, d < r 
e 
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SimlarlYt 

2 122 A2 = (1/2)62R + (1/2)n VR--n-

6 -1 2 = sin (n/R) 

2 . -1 122 A2 = (1/2)R S1n (n/R) + (1/2)n ~R~-n~ 

Area 3 is a rectangle: A3 = mn 

Area 4 is a quarter circle: A4 = (1/4)TIR2 

The area of one quadrant equals the sum of these areas. 

SOt 

In this case 

Al = 23.4 in. 2 

A2 = 15.8 in.
2 

A3 = 6.0 in.
2 

A4 = 50.3 in. 2 

AQ = 95.5 in.
2 A = 4(95.5) - 4 (1/2)2 pc 

A = 379 in. 2 
pc 

If in the above problem the edge distance, d , were decreased to e 

6 in. (Fig. A.4), the area of the two interior quadrants would 



remain the same. 

The area of the two exterior quadrants can be calculated as 

follows: 

As before, 

and 

Now, 

and 

then, 

A2 = (1/2)R2sin-1(n/R) + (1/2)n ~2_n2 

A3 = mn 

Al = mde 

A4 = (1/2)R2sin-
1

(de/R) + (1/2)d IR2 -d 2 
e e 

Al = 18.0 in.
2 

A2 15.8 in. 2 = 

A3 6.0 in. 2 = 

A4 43.0 in. 2 = 

159 

AQ = 82.8 in. 2 A = 2(82.8) + 2(95.5) - 4TI(I/2)2 pc 

A = 353 in. 2 
pc 

For the special case when ~R2_m2 < d < R, the area of the two 
e 

outer quadrants must be calculated differently. 

Al = m ~R2_m2 

A4 = (1/2)R2sin-1( I'R2 _m2)/R + (1/2)m;lR2 2 -m 

To compute AS' the area of the circular segment which lies 

beyond the free edge must be subtracted from that of the larger 

segment. 
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2 . -1 122 2 . -1 A2 2 A2 2 AS = [R s~n (m/R) - m ~R--m-] - [R s~n ( R -d )/R - d R -d ] e e e 

For de = 7-1/2 in., 

Al = 22.2 in.
2 

A2 = 15.8 in. 2 

A3 = 6.0 in. 2 

A4 = 49.1 in.
2 

AS = 0.5 in.
2 

A = (2)(93.6) + (2)(95.5) - 4n(I/2)2 pc 

A = 375 in. 2 
pc 

In some cases, it is easier to subtract the overlapping areas from 

the total of individual areas. This is true when only two anchors 

are used or when ~2+n2 > R (Fig. A.5). 

Example: 

1 = 7-1/2 in. , d >R e e 

Dh == 1 in. 

R = 8 in. 

m = n == 6 in. 

2 -1 J22 Al == A2 == 2[R cos (n/R) - n/R--n-] 

= 29.0 in2 

A = 4n(8)2 - 4(29.0) - 4n(I/2)2 pc = 685 in. 2 
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n n 

Fig. A.S Projected area, Jm1 + nl"~r 
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A.2.2 Design Examples 

Example #1 

Assume a 4-bolt configuration subjected to a 10-kip load (Fig. 

A.6), f' = 4000 psi 
c 

M = 270 kip-in. 

Try a 6 in. bolt spacing in the direction of the load; 5 in. 

spacing other direction; plate width = 8 in.; (Fig. A.7a) 

d = 9 in. 

M = T(d - a/2) = Tz 

Assume z = 8 in., then T = 33.75 kips 

T = C = 0.85f' ab c 

a = (0.85)(4)(8) = 1.24 in. 

z = d - (a/2) = 8.38 in. 

T = 32.1 kips 

P = 1.7T = 54.6 kips 
u 

Design Tension Bolts 

P < <f> P u - s s 

P = A f s s y 

(2.16), repeated 

(2.15). repeated 

(2.1), repeated 

(2.2), repeated 

<f> = 0.90 
s 

f = 92 ksi for A325 Bolts 
y 

A . = 54.6 = 0.66 in. 2 
s ml.n (0.90)(92) 

Use two 3/4-in. diameter A325 bolts 

(Tensile stress area 
must be used.) 

Ats = 0.67 in. 2 o.k. 
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Fig. A.6 Design example No. 1 
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Fig. A.7 Desi&n example No.1, details 



Design Bolts for Shear 

f ut = 120 ksi 

f = 81 ksi yv 

V < 4> V 
u - s s 

4> = 0.90 s 

(2.9), repeated 

(2.7), repeated 

V = A f (2.8), repeated s s yv 

V = 1.7(10) = 17 kips 
u 

As min = 17 = 0.23 in. 2 

0.9(81) 

In this case, the shear load can be easily taken by the two back 

bolts -- redistribution of shear load to the tension bolts is not 

necessary. 

Use two 1/2-in. diameter A325 bolts 

Determine Required Embedment Length 

4> P > Aft c c - s u 

4> = 0.65 c 

Pc = 41f' A c pc 

f ut = 120 ksi 

P > (0.67 in.
2

)(120 ksi) = 
c-

A . pc m1n 

0.65 

= 123,700 = 489 in. 2 

4/4000 

Ats = 0.28 in. 2 o.k. 

(2.17), repeated 

(2.4), repeated 

123.7 kips 
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A = projected area of tension anchors minus overlapping areas pc 

minus area of anchor heads 

Try 1 = 10 in. e 

R = Ie + Dh/2 

R = 10.63 in 

Dh = 1-1/4 in. 

A = 2 (10.63)2 - 2[(10.63)2cos-I(2.5/10.63)] 
pc 

- 2.5~(10.63)2 - (2.5)2 - 2TI(0.63)2 

A = 457 in. 2 
pc 

For 1 = 11 in. A = 537 in. 2 
e pc 

1 = 10-1/2 in. A = 497 in. 2 
e pc 

For 1-1/2 in. cover, slab thickness = t = 12 in. 

Alternatively, the bolts could be extended through the slab, 

requiring only a 10-1/2-in. thick slab. 

Another possibility is to tie the tension bolts together on the 

bottom side of the slab using a steel plate. A trapezoidal 

failure surface results. 

For a 3 in. x 8 in. A36 plate, 

A = (21 + 8)(21 + 3) - (3)(8) L 489 in. 2 
pc e e 

1 . = 8.6 in. e m1n 

Use a 9-in. thick slab. 

Choose plate thickness to prevent punching shear: 



A = 21TDhtp 

t = 80.4 ki:Qs = 0.71 in. 
p min 

21T(1.25 in.)(14.5 ksi) 

Use 3/4-in thick plate. 

Which of the three possibilities can best prevent pUllout 

failure depends on what thickness of slab is required for 

flexural strength. 

Determine Edge Distance 

A vc 

d e 

Since 

which 

¢cVc L Asfut 

V = 4.ff'A c c vc 

A'\ = 0.65 'l'c 

min = 
80,400 

(0.65)(4)(/4000) 

R = d e 

A = (l/2) d 2 
vc e 

= 17.6 in. min 

= 489 

the entire shear load is being 

are 3 in. from the edge of the 

(2.18), repeated 

(2.11), repeated 

in. 2 

taken by the back bolts, 

base plate, the plate would 

have to be set 15 in. from the slab edge to give d = 18 in. e 

This would not be practical, especially since the slab thickness 

would have to be increased to 18 in. to develop the full shear 

cone. 
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4>V'>Af s s - s ut 

Vs ' = Ahfyh 

4> Ahf h > Aft = 80.4 kips s y - s u 

For fyh = 60 ksi, 

Ah mi n = -:-=-8~0:-:.~4:-:-=-:- = 1. 49 in. 2 

(0.9)(60) 

Area of each leg = 0.37 in. 2 

Use 2#6 hairpin bars (Fig. A.7b) 

(2.19), repeated 

(2.12), repeated 

ld = 0.04(0.44)(60,000)/~000 = 16.7 in. Say 18 in. 

Check lateral bursting criterion. 

d . e mJ.n 

80,400 

32/4000 

d . = 6.3 in. e mJ.n 

(2.5), repeated 

Tension bolts are 9 in. from back of base plate, so any setback 

of the post from the slab edge will work, provided the tension 

cone surface can fully develop. (Fig. A.7c) 

Example #2 

Assume a 4-bolt configuration subjected to a IS-kip load (Fig. A.8) 
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Fig. A. 8 Design example l~o. 2 
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f' = 4000 psi c 

d ::: 11 in. 

M = 105 kip-in. 

M ::: T(d - a/2) :: Tz 

Assume z = 10-1/2 in., then T = 10 kips 

T = C = 0.85f' ab c 

a = 10.0 = 0.37 in. 
(0.85)( 4 )(8) 

z = d - (a/2) = 10.8 in. 

T :: 9.7 kips 

P = 1.7 (9.7) = 16.5 kips 
u 

Design Tension Bolts 

P < ~ P 
u - s s 

P = A f 
s s. y 

(2.16). repeated 

(2.15), repeated 

(2.1), repeated 

(2.2), repeated 

~ = 0.90 s fy = 92 ksi for A325 bolts 

A 16.5 - 0 20' 2 s min = ...,..-__ .,......,...,..."...,.. - • ~n • 
(0;90)(92) 

Use two 1/2-in. diameter A325 bolts. 

Design Bolts for Shear 

f = 0.67 f t yv u 

f ut = 120 ksi 

V < ~ V u -- s s 

~ = 0.90 s 

f :: 81 ksi yv 

Ats == 0.28 in. 2 

(2.9), repeated 

(2.7), repeated 
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V A f s s yv (2.8), repeated 

V = (1.7)(15 kips) = 25.5 kips u 

A 25.5 0.35 in. 2 
= = s (0.90)(81) 

Try two 1/2-in. diameter bolts Ats = 0.28 in. 2 

~ V = (0.90)(0.28)(81) = 20.4 kips 
s s 

The remaining 5.1 kips must then be redistributed to the front 

bolts. 

Check 

< 1.0 (2~14), repeated 

16.5 + 5.1 
~(0--.--90~)~(0~.~28~)~(--92~) (0.90)(0.28)(81) 

= 0.96 < 1.0 o.k. 

Use two 1/2-in. dia. A325 bolts in front 

two 1/2-in. dia. A325 bolts in back 

The rest of the design proceeds as in Example #1. 
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APPENDIX B 

Additional Results from Impact Tests 

on west-end Post 
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TEST 6 
LOAD vs DISPLACEMENT 
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