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As part of the United States Marine Corps (USMC) Mitigation of Blast Injuries through Modelling 
and Simulation project, Protection Engineering Consultants (PEC) performed static and dynamic 
physical tests of bolted and welded connections under high load rates. The tests were designed to 
populate experimental data for the development of accurate yet efficient numerical modelling 
techniques for connections that are exposed to shock loads. Such loading conditions result from 
blast, landmine detonation, ballistic impact and vehicle collisions. Accurate representation of the 
connection behavior in large vehicle models is important and metrics such as energy absorption, 
ductility, and fracture of a connection have crucial impact on vehicle model response and casualty 
predictions. 
 
The physical tests were performed for connections loaded in direct shear using Rolled 
Homogeneous Armor (RHA) steel plates, Grade 8 bolts, and fillet welds of ER80-S .035 wire with 
75-25 gas mix. Static tests were performed with a universal testing machine and dynamic tests were 
performed with a 2,250-lb pendulum mass that impacted a specially designed frame that loaded the 
connection specimens in direct shear. Figure 1 shows a view of the frame and the pendulum mass. 
The applied impact force and associated load rates were adjusted by varying the drop-height of the 
pendulum. A total of forty-two static and dynamic tests were performed in two rounds on more than 
a half dozen different bolted and welded connection configurations. Initial tests were used to check 
out the overall loading procedure, acquire and correlate strain gage data and Digital Image 
Correlation (DIC) data, and ensure that the specially designed loading frame used in the dynamic 
tests was able to sustain the severe dynamic loading. In the main tests, the specimens were designed 
to have different failure modes, i.e. bolt shear, plate tear-out, and weld shear fracture. Similar 
specimens were impacted with increasing pendulum velocities to assess the effects associated with 
high rate loading. 
 

 
Figure 1. Loading frame with specimen for dynamic connection testing. 
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The experimental data from the connection tests were analyzed and post-processed to inform the 
development of numerical models that were able to simulate the full connection loading histories 
for the static and dynamic connection tests as well as to predict the failure modes associated with 
each connection configuration. The ultimate goal of this effort was to develop reduced modelling 
techniques that provide accurate results in a reasonable amount of time for a full vehicle model; in a 
typical OEM vehicle development cycle, design changes must be implemented and evaluated within 
24 hours or less.  
 
Prior to the development of the reduced modelling approaches, high-fidelity numerical models that 
simulated the physical tests were built in LS-DYNA®. The intention was to minimize modelling 
assumptions by having accurate representations of the test specimens both in physical geometry and 
mechanical properties. All of the test components, i.e. steel plates, bolts, washers, nuts, steel 
members, etc were finely discretized with solid elements and interacted with each other through 
contact definitions. Pretension was also applied to the bolted connection specimens using a non-
iterative approach of LS-DYNA. Those models were carefully validated against the physical test 
data and, through this process, important aspects of the numerical approach were identified and 
incorporated in the computational models. An important finding was the triaxiality-dependent 
fracture of steel, which made drastic differences in the response of bolted connections that fail in 
plate tear-out fracture, as shown in Figure 2. Steel will fracture at different strains depending on the 
stress-state and not at a single ultimate strain value  as it is generally assumed in numerical 
simulations. In the final phase of this project, those detailed models were reduced to 
computationally efficient models that still provided accurate results and realistic failure modes. The 
simplified models employ a combination of shell and beam elements to model the connections 
while interaction between the different components is explicitly captured with appropriate contact 
algorithms. 
 

 
Figure 2. Plate tear-out fracture, (a) physical test, (b) LS-DYNA with triaxiality-dependent fracture, 

(c) LS-DYNA without triaxiality-dependent fracture 


