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ABSTRACT 13 
 14 

This paper is a case study in the application of ACI 318-05 Chapter 20, Strength Evaluation 15 

of Existing Structures, to evaluate steel connection assemblies embedded in precast 16 

members.  The evaluation described in the paper was conducted to address a purchaser’s 17 

concerns over the level of quality assurance used for welds in the steel assemblies.  These 18 

concerns were expressed after the members were already fabricated but before they were 19 

completely erected.  Because the welds in question were embedded in concrete they could not 20 

be visually observed, nor could they be directly tested without destroying the precast 21 

members.  In lieu of direct testing of the welds, a load test regime was conducted based on 22 

ACI chapter 20. Load tests were informed by structural analyses, which were also a primary 23 

feature of the evaluation.  Details and results of the structural analyses, load tests, and 24 

application of ACI chapter 20 are discussed. 25 
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INTRODUCTION  46 
 47 

The following paper is a case study on the evaluation of weld strength in steel connection 48 

assemblies embedded in precast concrete members.  The program was initiated to address a 49 

purchaser’s concerns over the level of quality assurance of the welds in the connection 50 

assemblies.  The assemblies in question were for connections in precast concrete members.  51 
Concerns regarding the quality assurance were brought to the attention of the precast supplier 52 

after the members were already fabricated, but before they were erected.  This paper does not 53 

consider the validity of the purchaser’s concerns, but rather focuses on the actions taken to 54 

alleviate those concerns.   Specifically, experimental and analytical evaluation programs 55 

were conducted, with chapter 20 Strength Evaluation of Existing Structures of ACI 318-05
1
, 56 

serving as the basis for evaluation.   57 
 58 

This case study describes the experimental and analytical methodologies used in the 59 

program, which were developed in accordance with the commentary from ACI R20.1: 60 

If the safety concerns are related to an assembly of elements or an entire 61 

structure, it is not feasible to load test every element and section to the 62 

maximum. In such cases, it is appropriate that an investigation plan be 63 

developed to address the specific safety concerns. If a load test is 64 

described as part of the strength evaluation process, it is desirable for all 65 

parties involved to come to an agreement about the region to be loaded, 66 

the magnitude of the load, the load test procedure, and acceptance 67 

criteria before any load tests are conducted.     68 

Four primary parties were involved in the evaluation program.  The first party was the 69 

purchaser, who will not be mentioned by name.  Two structural engineers acting as the 70 

purchaser’s representatives were assigned to evaluate and observe all phases of the program.  71 

The second party was the primary supplier of the overall project, who will not be mentioned 72 

by name.  Representatives of the primary supplier observed work performed during testing. 73 

The third party was the secondary supplier, Tindall Corporation, who served as the precast 74 

fabricator and erector. Tindall Corporation’s Chief Engineer served as the engineer of record 75 

for the precast system.  Tindall Corporation will be referred to as the “fabricator”, and 76 

Tindall Corporation’s Chief Engineer will be referred to as the “structural engineer of 77 

record” for the remainder of this paper.  “Structural engineer of record” (SER) will be used 78 

when discussing engineering responsibilities and tasks, and “fabricator” will be used in all 79 

other instances.  The final party was a representative from the Glenn Department of Civil 80 
Engineering at Clemson University, who was selected by the purchaser’s representative and 81 

SER to act as an independent consultant.  The representative from the Glenn Department of 82 

Civil Engineering will be referred to as the “consultant” in this paper. Collectively the 83 

purchaser’s representatives, SER, fabricator, and consultant will be referred to as the 84 

“evaluation team.”    85 

 86 

The case study involves a three-story, 64,700 sf plan area, industrial facility built almost 87 
entirely of precast beams, columns, wall panels, roof panels, and frames.  In total, 1,433 88 
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precast members were used in the structure.  Connections between precast members were 89 

facilitated using embedded steel connection assemblies commonly used in the industry.  90 

Individual assemblies were comprised of multiple plates and reinforcing bars connected by 91 

welds (Figure 1Figure 1).  The evaluation program focused on the strength of these welds. 92 

Connections typically fit in one of the general categories shown in Figure 1Figure 1.  The 93 

structural layout facility was uniform and typical member sizes and details were used 94 
throughout.  The design basis for the facility was the 2006 IBC

2
 and ACI 318-05.   95 

Connections were designed using the 6th edition of the PCI Design Handbook
3
. 96 

    97 

(A) Beam Pocket                      (B) Gusset at Wall or Column 98 
 99 

 100 

         (C) Dapped Beam 101 

Figure 1 - Connection assemblies 102 

 103 

Steel connection assemblies were built in-house by the fabricator.  Quality Control provided 104 
for the welds in the assemblies was consistent with PCI MNL-116 Division 6 provisions

4
.  105 

This level of inspection and documentation is typical for the precast industry.  Although PCI 106 

MNL-116 provisions were originally approved by the purchaser for use on the project, the 107 

purchaser subsequently asserted that they anticipated a more stringent degree of inspection 108 
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and documentation based on their interpretation of AWS D1.6 provisions
5
.  To address the 109 

purchaser’s concerns, the purchaser’s representative and SER mutually agreed to conduct an 110 

experimental and analytical program to evaluate the welds in question.  The independent 111 

consultant was retained to assist in the design and execution of the evaluation program. 112 
 113 

 114 

PRELIMINARY ANALYTICAL PROGRAM 115 
 116 

The first stage in the evaluation program was a review of all design calculations performed 117 

by the SER. The review was conducted by the independent consultant and included the 118 

evaluation of loads and capacities for each connection type. In the few minor instances where 119 

discrepancies were observed in the calculations, they were resolved through discussions 120 

between SER and consultant.  These discrepancies resulted in differences of capacity less 121 

than 2%, and differences in load less than 16%.  The loads calculated by the SER were 122 

typically larger than those calculated by the consultant, and were the result of simplifying, 123 

but conservative, procedures used to determine tributary areas.  The conservative values from 124 

the SER were used for subsequent analyses. 125 

 126 

After loads and capacities were verified, a demand-to-capacity ratio (DCR) was calculated 127 

for the welds in each type of connection using Equation 1.  DCR provided a quantified means 128 

of assessing the criticality of deficient welds in each connection.  A DCR of 1.0 meant that 129 

the nominal weld strength was equal to the factored load; a DCR of 0.5 meant that the 130 

nominal strength was twice the factored load.  Conversely, a DCR of 0.5 also meant that 50% 131 

of the weld could be defective or omitted and the nominal weld capacity would still be equal 132 

to the factored load.  A strength reduction factor of 0.75 was used in the weld design 133 

calculations, meaning that a DCR of 0.75 or smaller was needed to satisfy minimum code 134 

requirements.  Values for DCR ranged from 0.11 to 0.46.   135 

 136 

      𝐷𝐶𝑅 =
𝑅𝑢

𝑅𝑛
                     Equation 1 137 

 138 

Where:  139 

Ru is the maximum factored load supported by the welds in the connection assembly  140 

Rn is the nominal capacity of welds in the connection assembly as specified by SER   141 

 142 

Tested strength of electrodes was confirmed by reviewing documentation from the material 143 

supplier.  The specified weld electrode material was 100 ksi.  Documentation by the material 144 

supplier reported typical electrode strength of 109ksi.  The conservative specified value was 145 

used when calculating DCR.  146 

 147 

The same types of connection assembly were used in multiple places throughout the 148 

structure.  In these instances, the factored load from the worst case was used to calculate 149 
DCR for a given connection type. 150 

 151 
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Welds in the connection assemblies were designed to have greater capacity than the 152 

components being connected.  The components, however, were not the subject of concern for 153 

the purchaser.  Thus the nominal strength of the welds -not the components- was used to 154 

calculate DCR.  This approach was taken so that the DCR would highlight conditions and 155 

connections where deficient welds would be of greatest concern.   156 

 157 

 158 

EXPERIMENTAL PROGRAM 159 
 160 

After completion of the preliminary analytical program, the evaluation team held a meeting 161 

to review the preliminary analysis and to determine a direction for the experimental portion 162 

of the program.  During the meeting, all parties agreed upon the test procedures and criteria 163 
described in the following sections. 164 

 165 

BASIS, SAMPLING, AND LOADING 166 

 167 

ACI 318-05 Chapter 20, Strength Evaluation of Existing Structures, was used as a basis for 168 

the experimental program.   The ACI committee 437 report, Load Tests of Concrete 169 

Structures: Methods, Magnitude, Protocols, and Acceptance Criteria, was also consulted to 170 

design the experimental program
6
.  Evaluation was limited to those connections with a DCR 171 

equal to or greater than 0.25.  At this threshold, 67% of the weld could be deficient or 172 

omitted and the nominal strength multiplied by the strength reduction factor would still be 173 

greater than the factored load.  By only testing connection assemblies with DCR greater than 174 

0.25, it was implicitly assumed that the fabricator consistently provided at least 67% of the 175 

specified weld.  176 

 177 

Due to the difficulty of removing embedded assemblies for direct evaluation and testing, 178 

assemblies were indirectly evaluated by testing the precast members holding the assemblies.  179 

This approach can be described by making analogy of the precast members to a chain.  In this 180 

analogy, each link in the chain represented a component of the load path through a precast 181 

member.  Chain links included the bearing plate, weld, reinforcement bars, and concrete.  It 182 

was assumed that load testing would manifest problems in the weakest link.  If the links were 183 

sufficient to support the test loads, then it was concluded that the connection system, 184 

including the welds in question, had adequate capacity.  This approach limited construction 185 

delays because it did not require removal of assemblies from previously fabricated members.  186 

Members that were not damaged during load testing were permitted to be used in the 187 

structure.  188 

 189 

The number of connections that were evaluated was based on ACI 20.2.2, which sets the 190 

requirements for identifying sizes and spacing of reinforcement in existing structures.   The 191 

commentary for this section states that in large structures, determination of reinforcement 192 
details at 5% of the critical locations “may suffice if these measurements confirm the data 193 

that was provided in the construction drawings.”  Based on this commentary, all parties in the 194 

evaluation team agreed that adequacy of the connection assemblies would be confirmed by 195 

testing 5% of critical locations.  This interpretation may not be applicable in other 196 
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circumstances and should be evaluated on a case-by-case basis.  Because the same types of 197 

connections assemblies were used throughout the structure, “critical locations” were defined 198 

as those locations for each connection type that had the largest design loads.   199 

 200 

The test loads were calculated using the design loads from the critical locations and the load 201 

combinations from ACI 20.3.2.  Based on ACI 20.4, loads were applied to the members in 202 
four approximately equal stages and the maximum load was held in place for 24 hours. 203 

 204 

ACCEPTANCE CRITERIA 205 

 206 

The accept/reject criteria of 20.5.2 are based on deflections.  To make the criteria applicable 207 

to testing of connection assemblies, the requirements were modified to consider crack width 208 
in lieu of deflection.  This modification is consistent with the commentary from R20.5.2 209 

which acknowledges that “In the case of a very stiff structure, however, the errors in 210 

measurements under field conditions may be of the same order as the actual deflections and 211 

recovery.”   Furthermore, section 20.4.1 includes crack width as one of the response 212 

measurements to be considered in testing. 213 

 214 

One deflection criterion from 20.5.2 is that the structure must recover at least 75% of peak 215 

deflection after the load is removed.  The evaluation team interpreted this to mean that an 216 

acceptable connection assembly should exhibit significant elastic recovery after being 217 

subjected to the prescribed load. Accordingly, a crack width criterion was established that 218 

required connections to exhibit elastic recovery.  Following the form of ACI equation 20-2, 219 

Equation 2 was established for determining acceptable residual crack width: 220 

 221 

        𝑊𝑟 ≤
𝑊1

3
       Equation 2222 

  223 

Where:  224 

Wr is the residual crack width after load has been removed 225 

W1 is the maximum crack width under ACI chapter 20 applied load 226 
 227 

Equation 2 requires that 67% of the peak crack width be recovered upon removal of the load. 228 

Failure to close the crack to at least 67% suggests that some portion of the connection 229 

experienced unacceptable plastic deformation during loading, and that the connection was 230 

near its ultimate capacity.  The 67% recovery requirement for crack width was less stringent 231 

than ACI equation 20-2 requires for deflections.  The reason for the reduced requirement was 232 

to account for the possibility of concrete debris lodging in a crack and restraining closure.  233 

The evaluation team chose 67% recovery of crack width as a compromise between elastic 234 

recovery and the possible effects of debris.  This decision was of minor consequence in the 235 
test program because almost all of the tested connections had either no cracking or had 236 

greater than 75% recovery. 237 

 238 

The qualitative acceptance criteria of 20.5 were also applied to the test program.  These 239 

criteria included compression failure (20.5.1), shear failure (20.5.3), inclined cracking 240 

(20.5.4), and bond failure (20.5.5).  A maximum crack with of 0.04 in. was also imposed as 241 
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an acceptance criterion.  This value was the crack width threshold for serviceability of the 242 

structure as set by the SER.  The project specifications required repair of cracks greater than 243 

0.008 in. in width, and the SER selected half of that value for the serviceability limit.   By 244 

imposing this limit, the project team enforced serviceability requirements as well as strength 245 

requirements.  Qualitative acceptance and rejection criteria are summarized in table 1. 246 

 247 
Table 1 – Qualitative Accept/Reject Criteria 248 

Acceptable test  Rejectable test  

Cracking does not occur. 

 

If cracking does occur, the maximum crack widths 

are less than 0.04 in. and cracks larger than the 

serviceability limit close after the load is removed. 

(ACI R.20.5.1, 20.5.2) 

 

The assembly does not collapse and is able to 

support the applied load throughout the test without 

concrete spalling or crushing.  Minor surface 

scaling around embed is acceptable. 

(ACI 20.5.1)  

 

Cracking in anchorage and/or lap splice regions 

shall not indicate imminent failure. 

(ACI 20.5.5) 

 

Plastic (permanent) displacements of steel elements 

indicate ductile behavior of the connections and 

shall not automatically result in rejection.  Test 

members having excessive ductile displacement 

shall not be installed in the structure. 

(ACI R20.5.1) 

Extensive cracking occurs. 

 

Crack width exceeds 0.04 in. and/or cracks do not close 

significantly after the load is removed. 

(ACI R.20.5.1, 20.5.2) 

 

 

The assembly collapses or is otherwise unable to support 

the applied load throughout the test.  Or, concrete spalls 

or crushes during testing. 

(ACI 20.5.1)  

 

 

Cracking in anchorage and/or lap splice regions indicate 

imminent failure. 

(ACI 20.5.5) 

 

 

 

 

 

 

 

 249 

 250 
TESTING 251 

 252 

Load test procedures of ACI 20.3 and 20.4 were used in the program.  Loads were applied in 253 

four approximately equal stages and response measurements were taken after each stage.  254 

Testing took place in the fabricator’s storage yard.  Precast members that were not being 255 

evaluated were used to apply the load (Figure 2Figure 2).  The total load was held in place for 256 

24 hours, following which additional response measurements were taken.  Loads were 257 

calculated as from the combinations given in ACI 318-05 section 20.3.2.   258 
 259 
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       260 

Figure 2 - Application of load to gusset assembly 261 

Multiple connections were tested in a single test set-up.     262 

 263 
Figure 3Figure 3 shows the setup for testing assembly connections at dapped ends beams and 264 

pocket girders.  In this test set-up, 8 dapped beam connections and 8 beam pocket 265 

connections were tested.  The wall and column test setups tested only two connections each 266 

load test, one on each wall or column (Figure 2Figure 2).  The tests were conducted by the 267 

fabricator with the same crew used for erection of the industrial facility.  The set-up 268 

tolerances used in the tests were consistent with those used during erection of the facility 269 

(PCI MNL 135-00)
7
.  Testing was observed by the SER, purchaser’s representative, and the 270 

consultant.     271 

 272 

Precast members used to 

apply load 
Assembly being tested 
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     273 

Figure 3 – Dapped beam and pocket girder test setup 274 

Load pieces used were placed on the connections using a crane.  The weights of the pieces 275 

were calculated using known member dimensions and concrete unit weight, and verified 276 

using a load cell on the crane.  As a safety measure, steel shoring was placed below the load 277 

pieces during the loading process.  Shoring was placed with a small gap below the load 278 

pieces so as to provide support in the event of a failure, but to not attract load during testing 279 

(Figure 4Figure 4). 280 

 281 

      282 

Figure 4 - Shoring below precast member during testing 283 

Each connection was evaluated for cracking and/or other indications of structural damage at 284 

the following milestones: 285 

 Immediately before testing 286 

 After each of the four loading stages 287 

 24-hours after full load was placed 288 

Gap to prevent shoring 

from carrying load 

Steel shoring below 

load pieces 
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 Immediately after all loads were removed 289 

When cracks were observed, they were measured, marked, and photographically documented 290 
(Figure 5Figure 5).  Cracks widths were measured using a microscope that was precise to +/- 291 

0.001 in.   When the microscope could not be used due to physical constraints (e.g. 292 

microscope could not physically fit over the crack due to a conflict with assembly or 293 

member), a crack comparator card was used.  Figure 6Figure 6 (right) shows the use of a 294 

comparator card to measure a crack that was too close to the gusset plate to be readable with 295 

the microscope.  A mark was placed on the concrete face to ensure that crack width 296 

measurements were also taken at the same location.  To further ensure consistency in crack 297 

measurements, the same person always measured crack widths on a given precast member. 298 

 299 

   300 

Figure 5 - Documentation of cracks after load stage 3 (left) and load stage 4 (right) 301 

 302 

   303 

Figure 6 - Measuring crack with microscope (left) and card (right)    304 

Attempts were made to evaluate the behavior of gusset plate assemblies (Figure 1Figure 1B) 305 

by measuring the gap between the concrete surface and back of the connection plate.  The 306 

approach was to use steel plates of known thickness to measure the increase/decrease in the 307 
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gap as the load was applied/removed (Figure 7Figure 7).  This approach was unsuccessful 308 

because the steel plates were not precise enough to practically measure changes in gap size 309 

under field conditions.  Furthermore, in some members the gap could not be measured 310 

because the back of the gusset was embedded in concrete.  In the end, the evaluation team 311 

decided to abandon gap measurements as a means of evaluation.  312 

 313 
Each of the connection assemblies tested in the program satisfied the acceptance criteria 314 

established by the evaluation team.  Had any of the connections failed, then a reloading test 315 

would have been conducted within 72 hours of the first test, as per ACI 20.5.2. 316 

 317 

 318 

      319 

Figure 7 - Measuring gap behind gusset plate 320 

 321 

REPORTING 322 

 323 

A report was prepared for each test setup, and included the following information: 324 

 Identification for each member and connection assembly in the setup 325 

 Date of loading and unloading 326 

 Name of each observer 327 

 Weight of each load piece and time of placement/removal 328 

 Overall picture of the setup during each load phase 329 

 Pictures of each connection during each load phase 330 

 Pictures and descriptions of cracking and/or other damage(if applicable) 331 

 Crack width measurements at each connection during each load phase (if applicable) 332 

 Calculations of experimental and allowable experimental crack width (if applicable) 333 

 Statement regarding pass or fail of each connection assembly 334 

These reports were prepared by the consultant and submitted to the purchaser’s 335 

representative for review and approval.  To expedite acceptance of the reports, the 336 

purchaser’s representative provided unofficial reviews during report preparation.   337 
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RELIABILITY ANALYSIS 338 
 339 

The consultant has recently completed a reliability analysis of the entire structure to augment 340 

results from the experimental program.  The overall goal of the reliability analysis was to use 341 

probabilistic methods to determine the likelihood that a deficient weld would result in a 342 

structural failure.  A detailed discussion of the methodology and results will be described in a 343 
forthcoming publication.  The reliability analysis supported the conclusion from the 344 

experimental program that the tested connection assemblies are acceptable for use in the 345 

structure. 346 

 347 

 348 

SUMMARY AND LESSONS LEARNED 349 
 350 

A case study has been presented on strength evaluation of steel connection assemblies in 351 

precast concrete members. The evaluation was conducted to address a purchaser’s concerns 352 

over the level of quality assurance for welding in the connection assemblies.  The welds in 353 

question were embedded in concrete and could not be directly observed or tested without 354 

destroying the housing member.  Experimental and analytical methods, based in part on ACI 355 

318-05 Chapter 20, were used to indirectly evaluate the welds and resolve the purchaser’s 356 

concern.  The following lessons learned may be useful for other parties undertaking similar 357 

evaluation programs: 358 

 359 

 Collective effort from the evaluation team.  The purchaser’s representative, 360 
structural engineer of record, fabricator, and consultant worked together to achieve 361 

resolution of the purchaser’s concern.  Sampling protocols, test methods, and 362 

accept/reject criteria were collectively established and rigorously defined prior to 363 

embarking on the evaluation program.  Differences of opinion - which certainly did 364 

occur - were resolved through continuous and respectful communication.   365 

 Application of ACI 318-05 chapter 20.  The provisions of ACI 318-05 chapter 20 366 
provided a baseline for conducting and analyzing load tests.  The commentary 367 

associated with this chapter was particularly valuable in determining how to apply 368 

the code provisions to the conditions being evaluated.   369 

 Conservative weld design.  Welds specified by the engineer of record had nominal 370 

strengths that were two to ten times greater than the factored loads carried by the 371 

welds.  Primarily, the reasons for the excess weld design strengths were assumptions 372 

of lower electrode strengths in the original design and intentional over sizing of the 373 

weld to assure failure modes by ductile steel elements.  Although the conservative 374 

designs do not imply anything regarding the quality of the welds produced by the 375 
fabricator, the conservative designs gave a greater margin of error in the event that 376 

the welds were deficient.   377 

 Focus on critical conditions.  The demand-to-capacity ratios calculated in the 378 

preliminary analytical program were useful in identifying connections that were most 379 

likely to fail in the event of a deficient weld. This information was used to target the 380 

most critical connections for the subsequent test program.  381 
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 383 

 384 

 385 

 386 

 387 
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