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EXECUTIVE SUMMARY

On August 1, 2007 the 1-35W Bridge in Minneapolis, MN suddenly collapsed. An investigation conducted by the
National Transportation Safety Board (NTSB) concluded that the bridge collapse was due to an under-designed gusset
plate and stockpiled materials that over-stressed the deficient connections (1). In response, the Federal Highway

Administration (FHWA) mandated rating of gusset plate connections for truss bridges (2).

Currently, most transportation agencies conduct connection ratings using specified material properties and design
drawings as the analysis inputs. Yet, to produce the intended outcome of bridge safety without excessive and costly
conservatism, connection ratings are best performed using as-built data. These include both geometrical and material
properties. While geometrical dimensions can be obtained in the field, there is no recognized nondestructive testing
method currently available to establish the yield stress of plate materials in the field. Typically, the minimum yield stress
of steel is obtained using tensile coupons tested in accordance with American Society for Testing and Materials (ASTM)
E8 (3). However, to collect samples for testing is destructive and most bridge owners are reluctant to remove samples

from in-service guest plates.

To overcome this limitation, a practical device that can estimate the yield stress of bridge steel plates was
developed in this research program. The prototype device is shown in Fig. 1. The prototype device is fabricated from
titanium which has very high strength and relatively low weight to facilitate field portability. The hand-held device uses a
manually actuated hydraulic cylinder to apply an out-of-plane load to the free edge of a steel plate as illustrated in Fig. 2.
The applied load, measured with a load cell, creates bending deflection of the plate that is measured with a displacement
sensor. The applied load and plate displacement measurements are collected with a portable data acquisition system. Both
the prototype device and data collection system are self-contained and require no external power source. This portability
allows a bridge inspector to collect and analyze data in the field. The acquired load and deformation data are used to
estimate the yield stress as the deflections become nonlinear at the onset of plate yielding. The load and deformation
responses are calibrated to finite element (FE) analyses and empirical reference tests. Based on statistical analysis of
results with the prototype device over a range of plate materials and thicknesses, a yield stress reduction factor of 0.85
was developed to ensure that the predicted yield stress would not exceed the actual yield stress with 1/10,000 probability
when three (3) replicate tests are performed. The device is capable of testing mild steel plates up to 1 in. thick. After
testing, there are imperceptible residual displacements on the plate at the defined yielding threshold. These characteristics
provide a nondestructive method to estimate the yield stress of bridge steel plates in the field which was previously not

possible and as such is a technological breakthrough.



FIGURE 3 Close-up view of prototype device attached to the edge of a steel plate.



1.0 IDEA PRODUCT

The product of this IDEA project is a prototype device that is hand portable and can be applied by bridge inspectors to
non-destructively estimate the yield stress of in-situ gusset plates on truss bridges. The prototype device was shown
previously in Figs. 1 to 3. The development of this prototype device and the testing methods serve three major roles for
improving the practice of connection evaluations for truss bridges. It will 1) allow bridge owners to establish the material
properties for bridges that do not have documentation of the materials used in construction, 2) allow rating engineers to
determine if the yield stress is above the minimum required for the connection to achieve a specific rating, or 3) enable
rating engineers to use the actual yield stress of the plate to extract the most capacity from the connection. The research
outcome enables bridge owners to establish connection capacity with greater certainty and can thereby prevent
unnecessary and costly bridge posting, rehabilitation, or replacement. The broader application of the device to existing
steel infrastructure systems (not only bridges, but transit and building structures) enables higher fidelity evaluation by

providing the analyst with more precise material input parameters for conducting assessments.

2.0 CONCEPT AND INNOVATION

To perform connection ratings according to new regulations that require evaluation of steel truss bridge gusset plates,
transportation agencies need to know the yield stress of the connection plate materials. Many owners rely on the nominal
yield stress that is shown in design drawings or, when unknown, make assumptions based on materials available at the
time of construction. For engineers to perform accurate and therefore economic analyses of gusset plates, the actual yield
stress of the connections is ideal. The universally accepted method to obtain the yield stress is to perform tensile tests of
sample coupons in conformance with ASTM E8 (2). However, this method is destructive because samples must be

collected from the bridge and owners are reluctant to remove them.

One way in which researches have tried to non-destructively determine the yield stress of metals is through the use
of hardness testing. Hardness is a measure of the material resistance to localized plastic deformation. Previous work in
this area includes that by (4), (5), (6), (7), (8), and (9). While some approaches have related hardness to yield stress, it is
mostly used for assessing ultimate stress and most data are from metals with relatively high strength or processing
methods that are different than those of bridge steels considered in this research. There are therefore, no currently

available, non-destructive methods of determining yield stress for in-situ bridge gusset plates.

The vyield stress of steel as determined by uniaxial tension tests of coupon samples can be described in many
different ways, as illustrated in Fig. 4 (10). The current research focus is on the dynamic and static yield stress, with the
dynamic yield stress used for most analysis purposes. Dynamic yield stress (o,q) is the average stress during actual
yielding in the plastic range, which remains fairly constant, provided that the strain rate remains constant. Static yield

stress (oys) is the average stress during actual yielding in the plastic range at a zero strain rate (11).
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Figure 4 Different definitions of yield stress reproduced from Rao, Lohrman, and Tall (10).

It is difficult and costly to remove material samples from in-situ steel plates to perform the uniaxial tension tests
required to conventionally establish yield stress. Further, owners are reluctant to remove materials from in service
bridges. Therefore an alternative approach was devised by the research team to determine yield stress of steel gusset
plates. Rather than rely on uniaxial tension to establish yield stress, the approach relies on thin plate bending theory (12)
to induce bending at the free edge of the plate that produces flexural yielding in the material. To produce bending of the
plates required development of a self-reacting system for applying and reacting the forces on the plate, as well as
measurement of the plate deformations. The device needed to be strong, lightweight, self-powered, and robust to enable
field portability. The plate bending measurements needed to be empirically calibrated to uniaxial tension test results over
a range of plate thickness, nominal yield stresses, and locked-in plate stresses. Further, to extend the range of

applicability for the device, finite element analyses were required over a wider range of plate variables.

3.0 INVESTIGATION

A prototype device was designed that could apply a point force to the edge of a steel plate. The device and corresponding
finite element models were first calibrated with steel plate samples having only one-way bending across the plate (beam

tests). Then the device and corresponding finite element models were calibrated to larger-sized steel plate samples that
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were representative of gusset plates which produce a two-dimensional plate bending. Two types of large-sized samples
were investigated: 1) stress-free plates without externally applied stresses and 2) axially-stressed plates to quantify the
effects of dead load plate stresses. The results from the prototype device were compared with yield stress results
determined according to ASTM E8 (3). Finally, using statistical data from the test program, a methodology was
developed to estimate the in-situ yield stress of steel gusset plates with a very low probability of overestimating the actual

yield stress. It is noted here that additional details of the research conducted for this project are reported by Pflaum (13).

3.1 PROTOTYPE DESIGN

The prototype device was designed to apply out-of plane bending deformations to the free edge of a steel plate. It
required high strength and lightweight. A 44.5 kN (10 kips) capacity, manually-operated, hydraulic mini-bottle jack was
selected to apply force to the free edge of the plate. A 44.5 kN (10 kip) capacity load cell was placed in-line with
hydraulic jack to directly measure the applied load. The span length for the device was selected to be 254 mm (10 in.) to
meet the requirements of thin plate theory considering plate thicknesses up to 25 mm (1 in.). Other dimensions were
designed around the force capacity and 63.5 mm (2.5 in.) tall mini-bottle jack. The loading and reaction points occur 12.7
mm (1/2 in.) in from the free edge of the plate being tested. To minimize weight, the prototype device was fabricated
from ASTM B265 Grade 5 (13) titanium plate having a yield stress of 896 MPa (130 ksi). Structural analysis of the
device components verified it would remain elastic at the maximum applied force. Hemispherically-shaped hardened-
steel supports were designed to be interchangeable allowing for testing of plates with various thicknesses. The prototype
device is illustrated schematically in Fig. 5. The weight of the prototype was just under 4.5 kg (10 Ibs) and the total cost
to produce the device was approximately $4,000. The proposed weight and size of the prototype device would make it

applicable to a wide range of in situ connections.
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Figure 5 Schematic of prototype device (units= inches)



3.2 PLATE SPECIMEN DESCRIPTIONS

Three different types of plate specimens were used to calibrate the prototype device and finite element models. The
dimensions for the different specimens are shown in Fig. 6. The first type of plate sample (see Fig. 6a) was a 25 mm (1
in.) wide strip of plate selected to produce one-way bending when loaded by the prototype device. The steel for these
samples was 9.5 mm (3/8 in.) thick A36 (15) material. Then larger-sized plate samples were tested which produce a two-
dimensional plate bending when edge loaded by the prototype device. Two types of large-sized samples (see Fig. 6b)
were tested: 1) rectangular stress-free plates without externally applied stresses and 2) axially-stressed plates (see Fig.
6¢). The axially loaded plates were used to quantify the effects of dead load stresses in the plates on the prototype device
results. For the stress-free plates, 9.5 mm (3/8 in.) and 12.7 mm (%2 in.) thick A36 and 9.5 mm (3/8 in.) thick A572-Gr. 50
(16) plates were tested. In addition, for the stress-free plate specimens, samples were taken with respect to the rolling
direction, as illustrated in Fig. 7. Samples were taken parallel to the rolling direction, perpendicular to the rolling
direction, and at a 45° bias to the rolling direction. The specimen designations for these samples are described in Fig. 8.
For the axially stressed plates, 9.5 mm (3/8 in.) thick A572-Gr. 50 and 12.7 mm (% in.) thick A36 material were tested,

and the plates and coupon specimens were cut only from the parallel and transverse directions as illustrated in Fig. 9.

} 16 in. }
a) | ] T 1in.

} 16 in. }
b) width N=10 in. W=20 in.
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FIGURE 6 Plate and coupon sample cut layout for free plates
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3.3 REFERENCE TENSILE MATERIAL PROPERTIES

To establish the reference material properties for the plate materials used in the program, tensile tests were performed on
coupon samples in accordance with ASTM E8 (3). For each plate type tested, three (3) replicate coupon samples were
machined from the plate material in close proximity to the specimens tested with the prototype device. A total of fifty-
four (54) tension coupons were tested. The dog-bone or sheet type specimen with a 2 in. gage length was used for the
material testing, as illustrated in Fig. 8. This specimen type is permitted by ASTM E8 (3) for material thickness up to 19
mm (0.75 in.) All pretest measurements and markings were also performed in accordance with this specification. As
indicated previously, the coupons were also taken with respect to the rolling direction to assess this influence on the

mechanical properties.
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FIGURE 10 Dimensions for typical dog-bone style tension coupon for reference material property tests

Tension tests were performed with a two-post 489 kN (110 kip) capacity universal testing machine with top-
loading hydraulic wedge grips. Coupons were initially loaded at a rate of 0.0076 mm/sec. (0.0003 in./sec.). Once the
specimen reached the upper yield point, the static yield was attained by holding the displacement for a period of 60
seconds, at three (3) regions along the yield plateau. When strain hardening began, the loading rate was gradually

increased to 0.127 mm/sec. (0.005 in./sec.) until the coupon fractured.

The coupon test results were measured in engineering stress and engineering strain. However for use in FEA the
material inputs of true stress and true plastic strain are required. Unlike engineering stress, true stress accounts for the
instantaneous area reduction of a sample throughout the test. Conversions from engineering stress (o) and strain () to

true stress (o7) and true plastic strain (et) (17) were performed as:

e =In(1+¢) [1]
or=0(1+¢) [2]
Eplastic = €T _(UT /E) [3]

A summary of the coupon test data is presented in Table 1. Reported data includes the average dynamic yield at
0.2 % offset (F,q), average static yield (Fys), stress reduction from dynamic to static yield, average tensile strength (F,), as
well as the mean and standard deviation for coupons taken from each of the rolling directions. Average engineering

stress-strain responses for the coupon data sets are shown in Fig. 11.
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TABLE 1 Measured tensile engineering material properties results for coupon samples per ASTM ES8 (3).

Dyr?avririi%(?eld Average Static D;;f:\,\r,ir;e Avc.erage
Stress at 0.2% Yield Stress i Ultimate
I.Rollir?g Offset DSYcr::iTIYCISIZd Stress
Direction Fys
Fya (ksi) Stress Fu.
(Ksi) (ksi) (ksi)

3/8 in. thick A36 steel
Parallel 41.73 39.60 2.13 65.90
Transverse 41.61 39.34 2.27 66.17
45’ Bias 42.01 39.57 2.44 66.30
Mean 41.79 39.50 2.29 66.12
Std. Dev. 1.02 1.26 0.64 0.55
% in. thick A36 steel
Parallel 42.13 39.39 2.74 66.05
Transverse 44.89 42.92 1.97 65.92
Mean 43.51 41.16 2.36 65.99
Std. Dev. 2.03 1.70 0.59 1.09
3/8 in. thick A572-Gr. 50 steel
Parallel 56.84 53.52 3.32 66.63
Transverse 58.72 55.79 2.93 68.2
Mean 57.72 54.66 3.13 67.42
Std. Dev. 2.54 2.10 0.97 1.19

11
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FIGURE 11 Average engineering stress-strain response of coupon samples by material , thickness, and rolling

direction.

34 EXPERIMENTAL TESTS OF PLATE SAMPLES WITH PROTOTYPE DEVICE

To calibrate the prototype device and FE models to the canonical tension coupon yield material properties determined
previously, several different tests were performed. Four (4) beam specimens, twenty (20) stress-free two-way bending
tests were conducted, and eight (8) tests were conducted on the axially stressed plate specimens. The test methods and

results are described below.

3.4.1 Beam Specimens

Four (4) beam-type plate specimens were tested. These were narrow strips of uniform width taken from the steel plate
material (see Fig. 6a). The material for these specimens was 9.5 mm (3/8 in.) thick A36 plate taken from the parallel to
rolling direction. Specimens were proportioned such that the prototype device loading produced uniform being across the
plate width (negligible transverse curvature). This corresponds to beam behavior rather than plate behavior and enables
test results to be compared directly with classical beam theory. The tests were used to establish support and loading

boundary conditions required for the FE model to best predict the overall load-deformation response.

A FE model of the beam-type plate specimen was developed using ABAQUS/Standard Version 6.12-2. (18).To
mesh the model, the structured quad element S4R was used. This is a 4-node, reduced integration, doubly curved shell

with hourglass control and finite membrane strains (19). Partitions were made in the part module to help simplify the
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mesh layout at boundary locations. Convergence of the models was confirmed using h-refinement. The final boundary
conditions and loading areas were iteratively modified to calibrate the FE predicted load-deflection response to the
experimentally measured response from the beam samples. The FE model was best calibrated to the experimental results
by modeling the loading point as a true point load and the two support reactions as 0.5 mm (0.02 in.) diameter round
patches. Nodes in both supports were constrained vertically over the patch areas. To provide computational stability, the
center node on one of the supports was restrained in the plane of the plate. The FE predicted and the average
experimentally measured force-deformation responses are shown in Fig.12. The experimental and FE results matched
within 3% at an elastic stiffness offset selected as 0.5 mm (0.02 in.). In addition, using engineering mechanics assuming a
simply supported beam, the load at initial yielding was calculated as 0.4 kip (1.8 kN) and the load to produce the fully
plastic moment capacity of the sample was calculated as 0.6 kip (2.7 kN) using the measured yield stress of the 3/8 in.
A36 plate samples from Table 1. These are slightly lower than the experimentally observed responses (see Fig. 12) due to
point loading of the sample which produced some transverse curvature instead of line loading assumed in the

calculations. The computed deflection at first yield (neglecting shear deformations) was computed as 1.7 mm (0.065 in.).

0.80
—¥—¥ Point Load and 0.02 in dia.Supports
— Average Experimental Data
3
0.60
=
&
- 0.40
&
o
-
0.20
0.00
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Deflection (in)

FIGURE 12 Average experimentally measured along with predicted FE results for beam specimens.

3.4.2 Stress-Free Rectangular Plate Specimens

Large-sized stress-free rectangular plate samples were placed in a stand that held the plates in a vertical orientation while
tested with the prototype device. An image of the stand supporting a plate sample is shown in Fig. 13. Prior to testing, the
samples were white washed and a grid was placed on the compression side of the plate around the loading point. The grid
spacing was 12.7 mm (0.5 in.) and applied over the whitewash, providing a reference scale for the progression of mill
scale flaking. A strain gauge (with a 0.062 in. gage length) was attached to the tension side of the plate, to directly

13



measure the plate strain. Displacement sensors were positioned to capture the plate deflections relative to the prototype

device. Load was measured with the load cell placed in the load train of the hydraulic cylinder.

FIGURE 13 Test stand with stress-free plate specimen and attached prototype device.

Once the plate was secured in the stand, the prototype device was placed on the plate and held in place by
applying a small initial load of approximately 1.3 kN (0.3 kips). This allowed the device to be self-supported during the
rest of the experimental setup. The prototype device was loaded and unloaded three times to approximately 4.4 kN (1.0
kip) which allowed for seating of the supports which helped remove slight variations in displacement measurements due
to local imperfections of the plate surface at the load and reaction points. Subsequently, the prototype device was loaded
until well past the predicted yielding load. After completion of the test, a straight edge ruler was placed along the face of
the plate to measure any residual deformations at the loaded region of the sample. Without the ruler, no macro-
measurable residual deformations were discernable for any of the specimens after testing. With the ruler as a reference,
the largest residual deformation measured was no larger than a 0.8 mm (0.03 in.). Present specifications allow a deviation
from flatness of up to 6.4 mm (0.25 in.) (20). Therefore, because the measured residual deformations after testing were

much smaller than those permitted for new construction, the test can be considered nondestructive.

3.4.3 Axially-Stressed Plate Specimens

After testing the stress-free rectangular plate specimens, refinements were made when conducting the axially-stressed
large plate specimens. This included measurement of the time-history response of the applied load from the prototype
device. Twelve (12) tests of the geometry shown in Fig. 6¢ were conducted in this phase. The plates for each of the

different steel materials were tested at membrane stress levels of zero, 69 MPa (10 ksi), and 138 MPa (20 ksi). Because

14



the specimen shape was different, the zero stress level was used to directly compare results with the axially stressed
specimens. The higher stress level would be considered close to the allowable working stress (live and dead load effects)

in lower-yield stress plate materials.

Four strain gauges were added to the plates that were subjected to externally applied axial stress to characterize
the stress distribution in the plates as seen in Figs.14a and 14b. The sample plates were gripped and re-gripped in the
UTM several times to minimize plate bending due to misalignment (considering both strong and weak direction bending)
and then finally loaded to produce the target membrane stress levels. After achieving the target membrane stress levels,
the prototype device was attached to the samples and a similar loading protocol was used to test the plates. This included
the initial seating by loading and unloading and then the prototype device was loaded to incrementally higher applied

loads to capture the load-deformation response. In addition, at each of the applied load steps, the load was held for 30

seconds until the samples were well past initial yielding.

a) b)
FIGURE 14 Axially-stressed plate specimens with additional strain gages a) front and b) back to resolve plate
stresses

3.5 EXPERIMENTAL RESULTS FROM PLATE SAMPLES WITH PROTOTYPE DEVICE

The experimental results from the prototype device were analyzed in several ways to establish a load for the prototype
device that could be correlated to the ASTM E8 (3) definition of yield stress for the plate samples. This is defined here as
Py. The prototype load was correlated to the onset and spread of mill scale flaking, time-history response of the applied

load during hold periods, and overall load-deflection response. Each of these are described subsequently.
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3.5.1 Prototype Device Load Correlation to Mill Scale Flaking

As the prototype load was applied above the yield stress of the plate, the mill scale, which acts as a brittle coating on the
steel, flakes off the plate. The typical progression of mill scale flaking is described here for plate sample TW3b and is
shown in Fig. 15. These images are referenced to the load-deflection response in Fig. 16. As seen in Figs 15 and 16, mill
scale flaking occurs after the load-deflection response has deviated substantially from the linear elastic region. While mill
scale flaking serves as a visual indication of plate yielding, it is impractical to use as a reliable indicator of yield stress for
practice. However by correlating mill scale flaking with the load-displacement response from the prototype device it will
be seen that the yielding definition that was established corresponded to macro-yielding of the plate in the region of the
load point rather than first yielding of the plate.

a) Mill scale flaking at (A) b) Mill scale flaking at (B)

¢) Mill scale flaking at (C) d) Mill scale flaking at (D)

FIGURE 15 Progression of mill scale flaking on flexural compression side of plate specimen

16
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FIGURE 16 Load-deformation response and corresponding progression of mill scale flaking in Fig. 15

3.5.2 Prototype Device Load Time-History Response

After initial reduction of test data, it was observed that the applied prototype load dropped if the loading was held after
yielding was observed. To investigate the potential of using this characteristic to identify yielding, the test protocol was
modified to include prescribed hold periods of 30 seconds for each load step. When the plate was in the elastic range
there was no change in the load magnitude over the hold time interval. However, after the plate yielded, the applied load
decreased during the hold period due to plastic flow of the steel material. The magnitude of the load drop occurring over
the hold interval increased as yielding spread across the plate around the load point. An example time-history response of
the prototype device applied load is shown in Fig. 17 for specimen PN2a. As seen here, the load dropped during the hold
periods once the plate experienced yielding as highlighted in the expanded regions (initial yielding at center of the plot
and substantial yielding at upper right of the plot). Similar responses were observed with the uniaxial tensile test
specimens during static holds, when the rate of change of the load with time was initially rapid and then slowed. While
this response is a tell-tale sign that yielding has occurred, there was no direct way to correlate the load drop that would
occur for various plate materials and thicknesses using FEA and thus it could only be a purely empirical approach. It was
determined that this method was more easily used as a secondary method to verify the yielding load of the prototype

device.
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FIGURE 17 Load vs. time for 3/8 in. thick A36 plate specimen PN2a

3.5.3  Prototype Device Load vs. Plate Deflection

The load-deflection responses for each of the specimens were recorded when testing with the prototype device. A typical
load-deflection response is shown in Fig. 18. As seen in this figure, the load-deformation response was initially linear
when the plate was elastic and then became progressively nonlinear as the plate yielded due to bending. A line was fit to
the elastic response where the applied load was below 8.9 kN (2 kips). The exact location where the change from linear to
nonlinear response (indicating yielding) occurs can be difficult to detect, particularly with random noise present in data.
Further, the change from linear to nonlinear response was gradual without an abrupt transition because of the elastic
bending core and adjacent plate material that remains elastic. Thus, a definition was required for the prototype device

load magnitude to be correlated with the yield stress of the plate, as is described subsequently.
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FIGURE 18 Typical experimentally measured load-deflection response for 3/8 in. thick A36 plate sample

3.5.4  Prototype Device Load Correlation with Finite Element Models

Once all of the various experimental measurements were collected, they were correlated with FE results. The 9.5 mm (3/8
in.) thick, A36 plate results are used here to describe the methodology. FE models of the test samples were developed, as
described previously. The explicit yield stress of the plate material, taken from material tests as reported in Table 1, were
used for each of the samples. Based on the FE analysis, first yielding of the plate was identified when the computed stress
achieved the von Mises yield criterion. The applied prototype device load corresponding to first yield was 7.1 kN (1.6
kips), and the stress contours in the plate are shown in Fig. 19a. This load is relatively low compared to when the
nonlinear load-deflection response was observed or when white-wash flaking occurred. Indeed, there were no empirically
distinguishing characteristics observed at this load level. Thus, the load at first-yield of the plate is not a practical
defining point for establishing yield stress of the plates. A higher load which produced observable changes in response
was more desireable. A load which corresponded to a spread of plasticity that produced visual flaking of the mill scale,
abrupt drops in the load vs. time response, and sufficient deviation from elastic response of the load-deflection response
was selected. As the prototype device applied load increased in the FE model, the spread of plasticity along the free edge
of the plate increased. When the spread of plasticity was roughly 51 mm (2 in.) at the load point, as shown in Fig. 19b,
the corresponding load was approximately 12.9 kN (2.9 kips) and coincided with an elastic offset of 0.125 mm (0.005
in.). This location was sufficient to distinguish the change from elastic to inelastic behavior and could be used as a
characteristic load to identify yielding of the plate. This offset method is similar to that used in ASTM E8 (3) for

materials that do not have well-defined yield stress.
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FIGURE 19 FEA predicted stress contours for a) first yield and b) widespread yielding in 3/8 in. thick A36 plate

model

3.5.5 Demonstration of Offset Method

To demonstrate the selected offset method used to calibrate the prototype device load with the yield stress of the plates
over a wide range of plate thicknesses and materials, additional FE analyses were performed. Plate thicknesses of 9.5 mm
(3/8 in.) and 25.4 mm (1 in.) were used with A36 (248 MPa (36 ksi) nominal yield) and A514 (689 MPa (100 ksi)
nominal yield) (21) material properties. Three different material property inputs were used for the FE models which
included 1) post-yield strain hardening based on the actual tensile test data 2) linear post-yield strain hardening and 3)
elastic-plastic properties. The different material models did not affect the load-deflection responses. Therefore, a
simplified elastic-plastic material model was used for the subsequent FE analysis to develop the relationship between the

selected prototype device yielding load (Py) and plate yield stress for the varying materials.

Using the elastic-plastic material model, the different plate thickness and material models were analyzed and the
0.125 mm (0.005 in.) offset was used to identify the Py value and the corresponding spread of plasticity at the load point.
The load-deformation responses are shown in Figs. 20a and 20b and the corresponding spread of plasticity around the
load point is shown in Figs. 21a and 21b. These analyses demonstrated that the offset method allows for Py to be
correlated with tensile yield stress over a wide range of plate thickness and yield stress ranges. The selected offset also

provides a relatively large and similar spread of plasticity across the plates in the region of the applied load.
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To develop the relationship between the Py values and the tensile dynamic yield stress for different plate
thicknesses at the prescribed 0.125 mm (0.005 in.) offset, additional FE analyses were performed. The plate models were
similar to those shown in Fig. 21. The Py values were collected from the predicted load-deformation response from FE
analysis of plate specimens having a range of dynamic yield stresses as illustrated in Fig. 22 for 9.5 mm (3/8 in.) thick
plate. The relationship between Py and the tensile dynamic yield stress was developed for 9.5 mm (3/8 in.) thick plates as
shown in Fig. 23 by extracting the applied load value at the 0.125 mm (0.005 in.) offset from each analysis. The predicted
prototype device load at an offset of 0.125 mm (0.005 in.) for a range of plate thicknesses and yield stresses is shown in
Fig. 24.
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FIGURE 22 Load-deformation responses for 3/8 in. thick plates with different dynamic tensile yield stresses using

a 0.005 in. offset to identify the characteristic prototype device applied load
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FIGURE 24 Relationship between dynamic yield stress and prototype device load for various plate thicknesses

After conducting the FE analyses and developing the relationship between the prototype device load and yield
stress for a range of plate thicknesses, the approach was applied to the empirical results. An example of an empirically

measured load-deformation response is shown in Fig. 25 for specimen BW1a. Here the 0.125 mm (0.005 in.) offset was
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used to identify the characteristic prototype device applied load of 12.9 kN (2.9 kips) in present case. Using results in Fig.
23, the yield stress could be estimated as 294 MPa (42.7 ksi). This was performed for each of the plate samples and the

results are reported in Table 2.
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FIGURE 25 Prototype device load-deformation response and load at 0.005 in. offset for 3/8 in. thick A36 plate
(specimen BW1a)
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TABLE 2 Predicted yield stress of empirical plate samples

Prototype dicted
Sample Izz\:jlcaet Predicted Actual o, . E;it(;crfd t;j\; '
o 0.005 1. O-y' (cs) Bias a=0.85 oPredicted/Actual
offset (ksi) (ksi)
(kips)
PW1la 3.03 45.05 4179 | 1.08 38.29 0.92
PW1b 2.83 41.45 4179 | 0.99 35.23 0.84
PW2a 2.95 43.62 4179 | 1.04 37.08 0.89
PW2b 2.90 42.70 4179 | 1.02 36.29 0.87
PW3a 2.84 41.62 4179 | 1.00 35.38 0.85
PW3b 2.78 40.59 4179 | 0.97 34.51 0.83
TW1a 2.88 42.33 4179 | 1.01 35.98 0.86
A36, 3/8 in.

TW2a 3.08 45.93 4179 | 1.10 39.04 0.93
TW2b 2.91 42.88 4179 | 1.03 36.45 0.87
TW3b 2.86 41.96 4179 | 1.00 35.67 0.85
BW1la 2.90 42.70 4179 | 1.02 36.29 0.87
BW1b 3.17 47.43 4179 | 1.14 40.32 0.96
BW2a 2.87 42.14 4179 | 1.01 35.82 0.86
BW2b 3.05 45.40 4179 | 1.09 38.59 0.92
PN1 4.85 39.57 4213 | 0.94 33.64 0.80
(/:Z’ fo 1{ rzei;;') PN3 4.92 40.27 4213 | 0.96 34.23 0.81
TN3 5.9 50.28 4489 | 1.12 42.74 0.95
A36, 1/2 in. TN2a 5.15 45.93 44.89 | 1.02 39.04 0.87
(10 ksi) TN2b 5.65 50.53 4489 | 1.13 42.95 0.96
A36,1/2 in. PN2a 3.82 38.51 4213 | 091 32.73 0.78
(20 ksi) PN2b 3.82 38.51 4213 | 091 32.73 0.78
AS72.Gr. 50 PN3 3.18 49.49 56.84 | 0.87 42.07 0.74
3/8 in. (zero TN1 3.55 56.15 58.72 | 0.96 47.72 0.81
stress) N3 4.09 65.86 5872 | 1.12 55.98 0.95
AS72-Gr. 50 PN1la 3.34 55.98 56.84 | 0.98 47.58 0.84
3/8in.(10ksi) | pN1p 3.82 63.59 56.84 | 1.12 54.05 0.95
AS72-Gr.50 | TN2a 2.95 51.82 58.72 | 0.88 44.05 0.75
3/8in (20ksi) | TN2b 3.11 54.21 58.72 | 0.92 46.08 0.78
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Statistical analysis was performed on the data to calculate the mean and standard deviation of the predicted yield
stress using the prototype device compared with the yield stress from uniaxial tension tests. Based on the observed
distribution, the data was reasonably modeled as Gaussian. Using the statistical variability observed in the data, a yield
stress prediction safety factor, o, was introduced to account for the uncertainty in the test method and to reduce the
likelihood of overestimating the yield stress of the plate. This was calculated by normalizing all the predicted yield stress
results from the prototype device in relation to the measured yield stress from the coupon samples. A very low
probability of overestimating the yield stress was selected as 1/10,000 (~3.5 standard deviations from the mean) and for
the bias and standard deviation (normalized standard deviation = 0.076 and mean = 1.023) resulted in an o of 0.74 if only
one test was performed with the prototype device. This significantly reduces the predicted yield stress compared to the
likely actual yield stress. This may provide excessive conservatism that could result in low connection ratings when the
intended use of this device is to determine the in-situ yield stress of a plate to obtain greater accuracy during bridge
evaluation. Therefore multiple replicate measurements with the prototype device can be taken to reduce the standard
deviation and therefore increase a. If three replicate tests are made on a plate, o increases to 0.86. A value of 0.85 was
chosen as the final factor when three (3) replicate measurements are made on a plate. Using this value would predict a
higher but still conservative yield stress for the plates relative to the expected yield stress from coupon samples as shown
in Table 2. While this report recommends a factor of 0.85 for three (3) replicate measurements, there is flexibility for
bridge owners and rating engineers to decide what probability of over-estimation of the tensile dynamic yield stress they
are willing to accept and thus the factor could be adjusted accordingly.

3551 Blind Prediction of Yield Stress on Full-Size Gusset Plate

A blind prediction of the yield stress for a full-size 9.5 mm (3/8 in.) thick gusset plate in the laboratory was
conducted using the prototype device and the methods described previously. The plate was one that was previously tested
to investigate the sway-buckling response of bridge gusset plate connections. The prototype device was applied to the
free-edge of the plate as shown in Fig. 26 and three (3) replicate measurements were taken. The average of the three
measurements produced a Py of 14.4 kN (3.23 kips). From Fig. 24, the yield stress associated with this load for a 9.5 mm
(3/8 in.) thick plate was determined to be 338 MPa (49.0 ksi). Multiplying the yield stress by the prediction safety factor
of 0.85, the estimated dynamic yield stress was calculated to be 287 MPa (41.6 ksi). After conducting the prototype
device tests, the coupon samples were revealed and the dynamic yield stress was observed to be 347 MPa (50.3 ksi). This
is within 2% of the non-factored vyield stress estimated using the prototype device. This indicates that the prototype
device can be effectively used to non-destructively estimate the yield stress of a large-size gusset plate in the laboratory.
Further, the specified material for the plate was A36, with 248 MPa (36 ksi) nominal yield stress. The prototype device
results would allow the engineer to perform load ratings with a yield stress (reduced for uncertainty) of 287 MPa (41.6
ksi) instead of the nominal 248 MPa (36 ksi), which is a 15% increase. This would reliably increase the bridge

connection rating and diminish the chance of unnecessary posting or retrofit.
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FIGURE 26 Blind yield stress prediction using prototype device on full-size gusset plate in laboratory

4.0 PLANS FOR IMPLEMENTATION

In order to allow bridge owners to improve the evaluation and rating of gusset plate connections, a prototype device was
developed to nondestructively estimate the yield stress of the steel connection plates. The prototype device applies an out-
of-plane load to the edge of a plate causing bending of the plate. As the applied load is increased, the plate eventually
begins to yield. This produces nonlinear load-deformation response which is used to identify the transition from elastic to
inelastic behavior. The dynamic yield stress of the plate is correlated to the prototype device load through calibrated finite
element analysis. The device was demonstrated on several plate thickness and material types and the yield stress was
correlated to the dynamic yield stress. Based on the testing and analysis results reported here, the following conclusions

are presented that can be used for future implementation:

e A prototype device was developed to nondestructively estimate the dynamic yield stress of gusset plates.

e Yield stress is ascertained from the device by measuring the applied load-plate deformation response and finding
the characteristic load at an elastic offset of 0.125 mm (0.005 in.) from the response curve. This is similar to the
0.2% offset specified in ASTM ES8 (3). The estimated yield stress is determined from the prototype device load
for the given plate thickness in the chart in Fig. 24.
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e The characteristic applied load at the specified offset produces macro-yielding of the plate and an area of
plasticity around the loading point.

e Secondary identification of yielding can also be detected by observing when the load magnitude drops when the
device loading is paused at each loading interval due to plastic flow of the plate material.

e Only the highest internal stresses from possible dead loads in the plates influenced the device by producing a
yielding load earlier then when no external membrane stresses were applied to the plate. At the free-edge of an
in service plate, the service level stresses should be close to zero and thus should not influence the results.

e  After testing, the residual deformations are substantially below allowable plate flatness tolerances and as such
the technique is nondestructive.

e Based on the statistical analysis of the data, a yield stress prediction safety factor is applied to the results to
ensure the estimated yield stress is not higher than the actual yield stress with a 1/10,000 probability (the safety

factor is 0.85when three (3) replicate tests are performed).

The load-deflection measurement is fundamental to identifying the change in linear to nonlinear response and
correlation to uniaxial yield stress. The most sensitive measurement is the plate displacement. Care must be taken to
accurately and repeatedly capture this response. Several alternative measurement devices were studied and implemented,
with an extensometer providing the best repeatability. Future and emerging sensor technologies may further improve this
measurement. Additional plate thicknesses and materials need to be investigated to develop a larger database to
characterize the performance of the device and to provide statistical data which can more robustly characterize the yield
stress prediction uncertainty. Portable hardness should also be considered in future work to correlation with yield stress
on lower yield stress bridge steels. After these additional refinements, the prototype device can be implemented in the
field on actual bridges and should continue to be correlated with other methods (portable hardness and coupon samples)

for estimating yield stress until robustness can be ascertained for routine use.
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