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ABSTRACT 

 

Embed plates (EP) are widely used as anchorages in nuclear power plants to connect various structural and 

non-structural components to the concrete structure to transfer the applied load. Under tension loading, the 

embed plates can fail in concrete cone breakout which is brittle and limited in strength due to design 

constraints like embedment depth. To improve the strength of embed plates failing in concrete cone 

breakout, anchor reinforcement is provided around the embed plate. Anchor reinforcement improves the 

resistance of the embed plates and their ductility through the redistribution of loads from concrete to anchor 

reinforcement. Many fixtures undergo eccentric tension loading in a nuclear power plant due to operational 

requirements. A conservative approach is currently followed for embed plates subjected to eccentric tension 

which leads to a high amount of anchor reinforcement required during the design. This is primarily due to 

the lack of any experimental studies on this topic. In this work, embed plates with 2×3 configuration were 

tested under eccentric tension loading with different amounts of anchor reinforcement. The embed plates 

were designed to fail in concrete cone breakout in the reference test, i.e., without anchor reinforcement. For 

reference tests, concrete cone breakout was observed with an asymmetric failure cone as expected. For a 

light amount of anchor reinforcement, up to a 60% increase was observed in the capacity of the embed 

plates compared to concrete cone breakout capacity without anchor reinforcement. For a medium amount 

of reinforcement, approximately a 100% increase in the capacity was observed. For a high amount of anchor 

reinforcement, the full capacity of the embed plate was utilized which resulted in the weld failure between 

the plates and anchor studs with almost 170% increase. Experimental results were further compared with 

the estimates from the existing ACI 349 model and the limitations of the current model are highlighted. 

 

 

INTRODUCTION 

 

Embed plates are utilized in nuclear power plants frequently to connect various structural and non-structural 

components like reactor vessels, cranes, etc. to the concrete foundation or containment building 

(Eligehausen et al., 2013; Di Nunzio and Muciaccia, 2020; Bui et al., 2018; Jang and Suh, 2006). These 

embed plates play a critical role in ensuring a safe and reliable connection. Failure of these embed plates 

can compromise the operational capabilities or can cause damage to the critical components. When embed 

plates are subjected to tension loading, they are susceptible to a concrete-dominated tension failure called 

concrete cone breakout. The tension-dominated concrete failure makes the concrete cone breakout a brittle 

failure and gives no early signs or warning of failure. Therefore, it is imperative to avoid these brittle failure 

modes even under the most demanding loading conditions. 

 

Providing higher embedment depth is not always possible due to design limitations like limited available 

concrete depth, etc. Therefore, anchor reinforcement is typically utilized around embed plates to obtain a 

higher load capacity and provide additional ductility to avoid brittle failure modes (Sharma et al., 2017a; 
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Xu et al., 2024; Peterson et al., 2018). When an embed plate is overloaded, a concrete cone breakout occurs 

which intercepts the anchor reinforcement and a redistribution of load occurs from concrete to anchor 

reinforcement as shown in Figure 1. ACI 349-23 governs the design of anchorages in nuclear power plants 

in the United States. The model available in ACI 349-23 to calculate the capacity of embed plates with 

anchor reinforcement under tension loading requires sufficient anchorage length of the reinforcement both 

within and outside the concrete breakout body. These stringent development length requirements in both 

the breakout body and in the concrete structural element are difficult to satisfy in most practical cases. 

    
 

Figure 2 shows a strut-and-tie model for anchorages failing in concrete cone breakout with anchor 

reinforcement. After the concrete cone breakout, the stresses flow from the head of the anchor to the hook 

of the anchor reinforcement stirrups. The hook acts as a CTT node. The horizontal component of the strut 

is taken by the surface reinforcement and the vertical component is resisted by anchor reinforcement. The 

system can fail through tie by rebar yielding and through node by anchorage failure of the anchor 

reinforcement either in the breakout body or in the structural body. However, for anchorages with a high 

amount of anchor reinforcement, where tie failure is very high and enough anchorage length is provided to 

prevent node failure, strut failure can govern the overall behavior. The strut failure is not widely recognized 

in the design codes and literature and very limited studies are available (Sharma et al. 2017b; Berger 2015; 

Vita, Sharma, and Hofmann, 2022) 

 

In certain cases, the embed plates have to resist eccentric tension loading due to operational requirements 

or due to asymmetric loading conditions. Under eccentric loading, the overall capacity of embed plates 

reduces due to uneven forces on the studs. For embed plates with anchor reinforcement, design codes (ACI 

349, ACI 318-19, EN 1992-4, fib bulletin 58) require to assume the same load on each anchor as the highest 

loaded anchor and provide the same amount of anchor reinforcement area for each anchor, thus leading to 

a significant overconservative design. Moreover, providing a high amount of anchor reinforcement without 

any upper limits of anchor reinforcement might lead to unconservative in some cases. These conservative 

or potentially unconservative regulations are placed due to lack of a systematic experimental studies on 

embed plates with anchor reinforcement under eccentric tension loading. Therefore, it is imperative to 

check the behavior and performance of embed plates experimentally when subjected to eccentric tension 

loading. This study aims to perform full-scale tests on embed plates with different amounts of anchor 

reinforcement under eccentric tension loading and provides an additional experimental dataset to further 

advance and improve the existing model for calculating the capacity in design codes. 

 

TEST PROGRAM 

 

Based on the objectives of the study, a test program was developed to investigate the behavior and 

performance of cast-in embed plates with varying amounts of anchor reinforcement subjected to eccentric 

tension loading as summarized in Table 1. The scope of the test program was limited to 2×3 embed plates 

with a particular arrangement of anchor reinforcement around the studs. The reinforcement was provided 
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in the form of closed stirrups enclosing both the top and bottom surface reinforcement. The anchor 

reinforcement stirrups were provided such that each anchor line received two stirrups, leading to a total of 

6 stirrups as shown in Figure 3. The center-to-center distance between the anchor line and stirrup was kept 

at 2 in. (50 mm). All the reinforcement provided, both surface and anchor reinforcement, was grade 60 

rebar. Each anchor reinforcement stirrup is provided with a strain gauge at the location of crack interception 

calculated using theoretical concrete cone breakout shape. The amount of anchor reinforcement was varied 

by changing the diameter of the stirrups and was targeted to fail in different failure modes. 

 

The thickness of the baseplate was kept 2 in. (50 mm) for each embed plate to provide high bending stiffness 

and allow a rigid motion to keep a linear profile of deformation in anchors during eccentric loading. The 

specimen was 100 in. × 50 in. × 20 in. (250 cm × 125 cm × 50 cm) in size. It should be noted that the testing 

of the embed plate was performed on the underside of the casted slab. To achieve that, the casting of the 

specimen was performed upside down with embed plates in contact with the bottom formwork. The slabs 

were later flipped using lifting hoops provided on the side as shown in Figure 3. This was performed to 

ensure good bond conditions between the anchor reinforcement stirrups and concrete. The design 

parameters for the embed plate were sized to fail the anchorage in concrete cone breakout for series 1. This 

is required to activate the anchor reinforcement and understand its effects on the overall behavior. The 

average concrete cylinder strength measured after 28 days was 4633 psi (32 MPa). The embed plate was 

fabricated using (6) 1 in. diameter ASTM A108 low carbon steel studs fillet welded to the ASTM A36 

carbon steel baseplate. 

Table 1: Summary of the test program. 

 

Series Config. hef s1=s2 da ex 
Anchor 

Reinforcement 

Total area of 

rebar 

1 

2×3 
7 in. 

(175 mm) 

6 in. 

(150 mm) 

1 in. 

(25 mm) 

3 in. 

(75 mm) 

- - 

2 6-#3 (6-10 mm) 
1.32 in2 

(852 mm2) 

3 6-#4 (6-12 mm) 
2.4 in2 

(1548 mm2) 

4 6-#6 (6-19 mm) 
5.28 in2 

(3408 mm2) 

Where, hef is the effective embedment depth of the studs; s1, s2 are the spacing between the studs in each 

direction; da is the diameter of the studs; ex is the effective eccentricity provided to the embed plates. 

 

 
Figure 3. Arrangement of the anchor reinforcement around embed plate before concrete casting. 
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Test Setup 

The test setup used in this study was developed in Bowen Laboratory, Purdue University. The test setup 

comprises a portal frame with a 220 kips (1000 kN) actuator of 10 in. stroke length (250 mm) as shown in 

Figure 4. The tests were performed in displacement control mode with a constant pullout rate of 0.04 in./min 

(1 mm/min). The test specimens were connected to the actuator using a high-strength loading threaded rod 

which is further connected to a pullout fixture. The pullout fixture connects the main loading threaded rod 

and embed plate using 4-3/4 in. high strength threaded rods. These rods are threaded to the embed plates 

using 4 threaded holes provided in the embed plate. The specimen was connected to the strong floor using 

two beam sections connected to the strong floor using 4 high-strength threaded rods. The clear distance 

between the beam support and the nearest anchor was kept at more than 2hef (Eligehausen, Silva, Mallee, 

2006) to ensure no effect of nearby support on anchorage capacity. Two repeat tests were performed for 

each series in a single slab. The clear distance between the two tests was kept at 6.3hef to ensure no 

interference between the two tests. 

 

 
(a)                                                                      (b). 

Figure 4. Test setup used in this work (a). Schematic view, (b). Actual view in lab. 

 

RESULTS AND DISCUSSION 

 

Table 2 summarize the test results. Figure 5 shows the load-displacement curves for all the tests performed. 

A significant increase was observed with increase in the amount of anchor reinforcement.  

 

Table 2: Summary of the peak load and failure mode obtained for each test series 

 

Series 
Anchor 

Reinforcement 
Peak load 

Average 

peak load 

Relative 

increase 

Governing 

Failure mode 

1 - 
67.79 kips (301.7 kN) 67.52 kips 

(300.5 kN) 
1.00 CCB 

67.26 (299.3 kN) 

2 6-#3 (6-10 mm) 
108.96 (484.9 kN) 104.39 kips 

(464.5 kN) 
1.55 RY 

99.83 444.2 kN) 

3 6-#4 (6-12 mm) 
144.38 (642.5 kN) 135.77 kips 

(604.2 kN) 
2.01 Partial RY 

127.16 (565.9 kN) 

4 6-#6 (6-19 mm) 180.75 (804.3 kN) 
180.75 kips 

(804.3 kN) 
2.68 W 
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Where, CCB: Concrete cone breakout; RY: Majority rebar yielding; Partial RY: Partial rebar yielding; W: 

Weld failure 

 

 

 
Figure 5. Peak load (kips) vs plate displacement (in.) for all the tests performed. 

 

Series 1 

For unreinforced cases, an average of 67.52 kips (300.5 kN) of the load was observed with an asymmetric 

concrete cone breakout as shown in Figure 6. It can be noted that the failure mode was brittle indicated by 

a drop in the load after peak load was reached. This also ensures that concrete cone breakout will occur first 

in series 2, 3, and 4 which will activate anchor reinforcement. 

 

      
Figure 6. Asymmetric concrete cone breakout in case of eccentric tension load without anchor 

reinforcement (series 1). 

 

Series 2 

For series 2 with #3 rebars, the concrete cone breakout was observed initially followed by the majority of 

the anchor reinforcement yielding as shown in Figure 7a. Figure 7b shows the state of stress in anchor 

reinforcement as a function of plate displacement for one of the tests. It should be noted that the stirrup one 

is the first stirrup from the eccentricity side while stirrups 6 is last stirrup from eccentricity side. An average 

of 104.39 kips (464.5 kN) load was observed which resulted in a relative increase of 55 % compared to 
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unreinforced cases. After the formation of concrete cone breakout, at approximately 55 kips, the 

redistribution of forces occurs and stirrups start to take load as evident from Figure 7b. Also, the change in 

stiffness suggests the formation of concrete cone breakout. In addition to the increase in strength, a ductile 

failure was observed which significantly reduced the risk of a sudden breakout failure.  

 

    
                          (a).                                                                                 (b). 

Figure 7. (a). Failure mode of series 2 tests, (b). State-of-stress as a function of plate displacement.  

 

Series 3 

For series 3, a similar failure and observations were made as series 2 tests with an average of 135.77 kips 

(604.2 kN) load. It is important to note that the extent of concrete cone breakout on the opposite end of the 

eccentricity was limited to the end of the baseplate as shown in Figure 8a. From Figure 8b, it can be 

observed that anchor reinforcement present closest to the loading point or anchors with the highest loads 

yielded first whereas anchors away from the highest loaded anchor did not resist a significant load until the 

previously loaded stirrups yielded which shows a strong redistribution of forces among anchor 

reinforcement. This also increases the overall ductility of the system. A relative increase of 101% was 

observed compared to unreinforced cases.   

 

      
                        (a).                                                                                   (b). 

Figure 8. (a). Failure mode of series 3 tests, (b). State-of-stress as a function of plate displacement. 

 

Series 4 

For series 4, only one test was carried out successfully with an observed load of 180.75 kips (804.3 kN), 

thus, leading to a relative increase of 168%. Initially, concrete cone breakout was observed followed by 

anchor reinforcement taking the load. However, due to the high area of reinforcement, no yielding was 

observed as shown in Figure 9b and a weld failure happened between the baseplate and studs as shown in 

Figure 9a. This suggests that anchor reinforcement was able to utilize the full capacity of the embed plate 

when enough area of rebar was provided. 
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                           (a).                                                                            (b). 

Figure 9. (a). Weld failure between baseplate and studs, (b). State-of-stress as a function of plate 

displacement. 

 

Comparison with ACI 349-23                      

Table 3 shows the comparison between experimentally observed peak load and peak load calculated using 

ACI 349 model. It can be observed that the length of anchor reinforcement in each series (2,3, and 4) does 

not have sufficient length in the breakout body and, therefore, cannot contribute toward the total resistance. 

Therefore, for all the cases, concrete cone breakout capacity governs the design. This shows a very high 

conservatism in existing provisions in ACI 349, primarily due to a lack of any experimental evidence. 

Therefore, it is imperative to improve the existing model to calculate the capacity of embed plates with 

anchor reinforcement under eccentric tension load. 

 

Table 3 shows the comparison of the average experimental load with the predicted values from ACI 349. 

 

Series 
Anchor 

reinforcement 

Total area 

of rebar 

Experimental 

load 

Experimental 

failure mode 

ACI 349 

load 

ACI 349 

failure mode 

1 - - 
67.52 kips 

(300.5 kN) 
CCB 

59.61 kips 

(265 kN) 

 

CCB 

2 6-#3 (6-10 mm) 
1.32 in2 

(852 mm2) 

104.39 kips 

(464.5 kN) 
RY CCB 

3 6-#4 (6-12 mm) 
2.4 in2 

(1548 mm2) 

135.77 kips 

(604.2 kN) 
Partial RY CCB 

4 6-#6 (6-19 mm) 
5.28 in2 

(3408 mm2) 

180.75 kips 

(804.3 kN) 
W CCB 

 

 

CONCLUSION 

 

Embed plates are used in nuclear power plants to connect various structural and non-structural components 

like reactor vessels, etc. to the concrete structure. Due to various design or operational limitations, embed 

plates are often subjected to eccentric tension loading which leads to asymmetric loading on studs. Concrete 

cone breakout can occur as a result which is a brittle failure. Anchor reinforcement is provided around 

embed plates in such conditions. However, the current design models available in ACI 349/ACI 318-19 

provide a very conservative design leading to a significant underutilization of the capacity. This is primarily 

due to the lack of any experimental evidence to support or develop a new improved model. Based on that, 

a test program was developed for 2×3 embed plates subjected to eccentric tension loading with varying 

amounts of anchor reinforcement provided in the form of stirrups. 
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For reference tests, a concrete cone breakout was observed as expected with an asymmetric concrete cone 

breakout shape. This was intended to activate anchor reinforcement in subsequent tests. For a low amount 

of anchor reinforcement area with #3 (10 mm) rebars, a relative increase of 1.55 times reference tests was 

observed with improved ductility, thus, avoiding a brittle failure. The governing failure changed from 

concrete cone breakout to yielding of rebars. For a medium amount of reinforcement with #4 (12 mm) 

rebars, a significant improvement in strength was observed with a relative increase of 2.01 times the 

reference test. The failure mode again changed from brittle concrete cone breakout to the majority of anchor 

reinforcement yielding. In addition to that, a significant redistribution among anchor reinforcement was 

also observed. For a high amount of anchor reinforcement with #6 rebars (19 mm), weld failure was 

observed between the baseplate and studs with a relative increase of 2.68 times reference tests. No 

reinforcement yielding was observed. 

 

A direct comparison was made, at the mean level, with ACI 349 predicted capacities. Due to stringent 

development length requirements, no increase in strength was observed per ACI 349 in all cases and final 

strength was governed/limited to concrete cone breakout capacity. Thus, demonstrate a significant 

underutilization of the capacity of embed plates and highly conservative nature of the current design 

models. Based on the tests performed, a new improved model will be developed and published in an 

upcoming publication. 
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