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Because of specimen fragility, it is often desirable to compensate an earthquake shaking table test at a lower level than the final excitation level. This is basically a good idea; however, it has some limit problems due to the shaking table characteristics. In general, a shaking table is only linear from 20% to 80% of maximum capability. At the high end of the excitation, the system is limited by the Force-Velocity curve. If a sine wave is desired, near Maximum Force can only be achieved with about 75% of Maximum Velocity. Likewise, near Maximum Velocity can only be achieved with about 60% of Maximum Force. The two figures below show this phenomenon:
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Figure 1. Maximum Force means only 75% Maximum Velocity
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Figure 2. Maximum Force means only 60% Maximum Velocity

Multi-Level Test Compensation

December 15, 2012


Now you can see how the linearity of the system suffers from the shape of the Force-Velocity Limit curve. That is why we say that 80% is the upper limit of linear excitation in the general sense. To make absolutely sure, you can plot your exact system + specimen case on the Force-Velocity curve to determine how large a linear response you can get for a given earthquake.

For the bottom end of the linear limit, there is another effect that dominates low-level performance. Friction is the enemy of low-level performance. The lower the friction, the lower you can run excitations that will be linear as you go up in amplitude. This is usually the problem of all low-level compensation efforts. What you will find if you are operating near or below the friction level of the system is that the high frequencies are severely attenuated to the point of non-existence. Compensation methods will therefore compute a completely erroneous transfer function above some frequency. When you move to the full amplitude test this becomes obvious because you will get a substantial over-response at high frequencies. This over-response is usually on the order of 200-500%. This same friction effect causes a lot of problems with Shock Spectrum measurements of results. Most of an earthquakes time history is of very low acceleration levels. These levels are usually near the friction limit even at full-scale tests. This means that table noise and irregular response to the small commands will produce quite erroneous Shock Response Spectrum elements. This will include high frequency errors as well as Zero Period Amplitude errors. To obtain the best Shock Spectrum measurement results, you should restrict the analysis to the main earthquake event and don’t allow the measurement to include the low level junk in front and behind the large response.

But, most of the SRS errors come from the fact that the compensation method was using the WRONG transfer function for the compensation. So, how do we improve that transfer function to correctly reflect what is happening. There are two basic solutions. One is mechanical brute force and can work, but it is difficult to have all the correct materials at hand for a wide variety of specimens. The second involves using NON-FLAT random spectra for transfer function measurement. In both cases, it is wise to compute the ACTUAL Force-Velocity curve for the desired earthquake with the total weights of the table + specimen. We shall now discuss both of these methods.
I. Mechanical Force-Velocity Adjustment

For most earthquake tests, the specimen is not going to overload the system’s force capability. Therefore, the test level will be perhaps even less than 50% of the system’s maximum force capability. This means that trying to run at 3x or 4x smaller excitation levels for transfer function measurements will definitely run into the friction zone of the system, making good results impossible. In order to try to keep the lower level above the friction zone, you can add mass to the table to get the full-scale test closer to 80% of the system force capacity. Then a 4x reduction means 20% for the maximum force at least. You will still have some problems with the lower amplitudes of the earthquake. This method is obviously a lot of work and requires a lot of mechanical adaptation for each specimen type. In the past, this method has achieved good results in the main earthquake event region, but has not effectively worked in the lower amplitudes prior to and after the main earthquake event.

Multi-Level Test Compensation

December 15, 2012

II. Shaped Spectra Transfer Function Measurement
We usually use a flat spectrum random noise for transfer function measurement. That means that the displacement rolls off with 1/frequency^2 and velocity rolls off with 1/frequency. You will find that the friction level has some effect on both. You can even make some measurements on a bare table that will show you how you should shape your excitation random signal for low-level transfer function measurement. Drive the bare table with a flat-spectrum random signal. Measure the transfer function at the excitation level you wish to use for your test. Then, use this transfer function to compensate the response to achieve a flat spectrum at this low test level. THEN, use the compensated drive to run a 3x or 4x amplitude level test. You will now see the INVERSE of the desired transfer function that you should be using. It IS difficult to use this shape directly, but it DOES tell you where the frequency is that transitions from a correct transfer function to a bad one. To be sure, you should really put an equivalent mass on the table that weighs the same as the real specimen. But, if you cannot, the bare table measurements will help anyway. Now, you have two choices of what to do. 
The first option is that you can create a shaped-random excitation for transfer function measurement (using MatLab or STEX). This is a trial-by-error method because you don’t know how much you need to amplify the high frequencies to get good results. After a couple of tests, you should have a pretty good idea of what is needed. This method works pretty well and can achieve quite good results at full-scale tests. It just means that you have to do some up-front work that will pay off in the end.
The second option is for the case where you cannot generate a shaped-random excitation. What you want to do now is filter the COMPENSATED command signal to eliminate the over-response. You can use BinView or MatLab (or LabView, etc.) to filter the command to eliminate the excess high frequency command signals. This method can also work quite well.

Now some practical hints:

1. You can improve your transfer function measurement a lot by running at the highest allowable amplitude. Researchers will usually give you a quite conservative estimate of how many g’s the specimen can take without damage. Push them as hard as you can for as much as you can get. The more you can excite the system, the better the test. Also, remember that random does NOT result in the full Q response of a resonant specimen that you get from running sine waves. For example, a typical reinforced concrete specimen has about a 3% damped resonant frequency. If you run sine waves, you can get a x16.7 magnification, BUT, with random, you only get maybe x4 to x5. Why ? The random signal produces the resonant frequency only in short bursts – usually too short to allow the specimen to fully respond. This is VERY useful when doing the transfer function measurement because you are not going to get anywhere near the x16.7 magnification. The BEST way to do transfer function measurement is to use an accelerometer mounted in a logical place on the specimen to measure resonance and use it to decide how large transfer function measurement test can be. For example, I personally have run tests on an 18Hz resonant specimen with 0.8% damping (steel structure with mass on top). This specimen exhibited a Q = 125 magnification by transfer function measurement. The specimen was rated at 1g, meaning that I could not put in a constant frequency sine wave greater than .008 g. However, I proved that I could run a sine sweep from 1 to 50 Hz at 0.05g with a sweep time of 1 minute. The sine sweep did not dwell at 18Hz very long. For the transfer function measurement, I was able to run a flat random excitation at 0.15g – again because the random signal did not excite the specimen to full resonance. Most test operators are not aware of this magnification effect and therefore measure the transfer function at a too small a level. Also, when performing the low-level compensation of an earthquake, you should realize that over-response of the specimen may not be very bad depending upon the actual specimen resonance and the frequency content of the earthquake. AGAIN, push this to the g limit and compensate the earthquake at the HIGHEST possible safe level you can do. The test results will improve if you follow this process.
2. Do NOT use low frequency sample rate commands. The higher the command sample rate, the better quality of test you are going to get. In some cases, like the 469D AIC and OLI, the sample rate is fixed. With STEX, however, you can use much higher sample rates. This eliminates the aliasing you get from the square waves that make up the command time history. The higher sample rate will have smaller square waves meaning that there is less aliasing that can harm the transfer function measurement and the results.
3. Don’t analyze test data above the Nyquist frequency (1/2 sample rate) of the original earthquake record. Most earthquake records are sampled at 50 Hz or 100 Hz. Therefore, post-filter test data at ½ the sample rate to eliminate high frequency garbage from the test PRIOR to producing final test results. The original data does NOT have any true content above the Nyquist frequency. A lot of people plot test results for an earthquake with 50H sampled data to 100 Hz, not realizing that everything beyond 50Hz has absolutely nothing to do with the earthquake. For example, the actual seismographic data for El Centro is 50Hz. There is no data there past 25 Hz. Usually a servohydraulic system is only going to produce noiselike response or some high-frequency spikes at worst. Neither of these produces any real damage to a specimen.
