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This TechBrief provides an overview of a new dynamic 
shear rheometer (DSR) method that is an alternative to 
the bending beam rheometer (BBR) to measure low- 
temperature rheology, including m-value and creep stiffness.

What Is 4-mm DSR and Why Is it Needed?

Four-mm DSR is a major technological breakthrough  
allowing improvement in our ability to provide  
performance-related specifications for highway materials.

The term 4-mm DSR refers to performing low-amplitude 
oscillatory shear tests corrected for instrument compli-
ance and employing 4-mm diameter parallel plates as 
shown in figure 1. 

The potential testing temperature range for 4-mm DSR 
is from -40 to +60 °C. The actual range depends on the 
stiffness of the binder. For example, rolling thin film oven 
(RTFO)-/pressure aging vessel (PAV)-aged asphalts can 
typically be tested to -30 °C and in some cases to -40 °C. 
Whether reliable data at -40 °C can be achieved depends 
on the glassy modulus temperature. The glassy modu-
lus is generally considered as 1 GPa for paving grade 
asphalts. On the upper end, reliable frequency sweep data 

Figure 1. Four-MM DSR.

©Western Research Institute.
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can generally be obtained at 30 °C and in 
some cases as high as 60 °C. The key to the 
upper limit is sufficient binder stiffness to 
generate measurable torque.

Because low-temperature rheology can now 
be reliably determined with 4-mm DSR, it is 
an attractive alternative to BBR. The method 
is currently undergoing ruggedness and 
round-robin testing for eventual adoption 
by the American Association of State and 
Highway Transportation Officials (AASHTO) 
and ASTM. The testing is being performed 
under the guidance of the Binder Expert 
Task Group.

There are a number of advantages to using 
4-mm DSR as an alternative to BBR. The 
most important advantage is probably the 
small amount of binder required for 4-mm 
DSR compared with BBR. Each BBR beam 
requires about 15 g, whereas 4-mm DSR 
only requires about 0.15 g. That means, for 
example, when performing an extraction to 
get low-temperature rheology of the recov-
ered binder, there is a very large reduc-
tion in the amount of solvent and time to 
recover the binder.

The same point applies to low-temperature  
evaporative recovery of emulsion residue. 
It is essentially impractical to generate 
enough emulsion residue for the BBR but 
no problem for 4mm DSR.

Does 4-mm DSR Require Expensive 
New Equipment?

Four-mm DSR can be performed with a 
rheometer as described in the apparatus 
section of AASHTO Test Method T315. 
While typical DSRs configured for T315 
have  a narrow temperature range, most 
rheometer manufacturers offer practical 
options to broaden the required low-
temperature capability  down to -40 °C as   
needed for this method. 

How Can 4-mm DSR Be Applied 
to Help Hot-Mix Asphalt (HMA) 
and Warm-Mix Asphalt (WMA) 
Pavement Design, Construction, 
and Performance? 

The key advantage of 4-mm DSR over BBR, 
as mentioned previously, is that only a very 
small amount of binder is required to per-
form a test. The small amount is highly 
advantageous for several reasons.

Recovered Asphalt From the Pavement 

When investigating HMA and WMA pave-
ment performance and distress, the 
observed distress can provide clues about 
the failure mode, but to properly diagnose 
the distress or failure, it is often necessary 
to sample and test the existing pavement. 
Pavement sampling is traditionally 
performed by coring. 

In some cases, the primary interest is in 
characterizing the recovered asphalt. 
However, BBR testing requires roughly 
45 to 60 g to fully characterize the low-
temperature rheology. The extra time and 
effort and copious amounts of organic 
solvent to extract sufficient asphalt for BBR 
often limit its application. 

The small amount of asphalt binder 
required for 4-mm DSR has led to the 
development of micro-sampling and 
extraction methods.(1) Micro-sampling 
is a method to collect small-scale sam-
ples (less than 200 g) using a rotary 
hammer drill, masonry bit, and vacuum  
collection system. Micro-extraction refers 
to recovery of roughly 10 g of asphalt from 
200 g of pulverized pavement. The micro-
extraction process involves many of the 
standard extraction procedures performed 
under AASHTO T319 but in a simpler,  
small-scale manner requiring substantially 
less solvent.
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Emulsion Residue From Low Temperature 
Evaporative Recovery Methods

Over the last decade, the focus of research 
on emulsion residue recovery has been 
to simulate field curing, particularly  
for polymer-modified emulsions, because 
the high temperatures involved in distil-
lation and, in some cases, oven evapora-
tion methods can significantly affect the  
binder’s rheological properties.(2)  Several 
low-temperature evaporative recovery 
methods have been developed, but these 
methods do not typically produce sufficient 
asphalt to perform BBR measurements. 
However, these low-temperature evapora-
tive methods do generate ample material 
for 4-mm DSR.

Thin Film Oxidative Aging

Thin film oxidative aging—defined here as a 
film of several hundred microns—resolves 
several current problems with the RTFO but 
requires a very large surface area to gener-
ate sufficient binder to use the BBR, making 
thin film aging impractical. However, with 
4-mm DSR, thin film aging is a feasible 
alternative to the RTFO. Recently, a thin film 
(300 μm) aging test has been developed 
as an alternative to standard RTFO and 
PAV.(3) The test method is referred to as the 
Universal Simple Aging Test (USAT) and 
reduces the test time from 85 min with the 
RTFO to 50 min. In addition, the long-term 
aging in the PAV is reduced from 20 h to 8 h. 

AASHTO Methods

Four-mm DSR is a superior alternative to the 
BBR for the following AASHTO methods:

• Four-mm DSR is a simple alternative 
to the modified BBR proposed in 
AASHTO TP 87-10 for measuring low-
temperature crack sealant rheology.

• Four-mm DSR is a simple, more precise 
method than BBR when measuring 

asphalt binder low-temperature 
rheology to determine thermal stress 
build-up.(4) 

Instrument Compliance Correction 

Four-mm DSR and instrument compliance 
correction are needed for very stiff 
materials, such as shingles, at intermediate 
temperature. A good rule of thumb for 
estimating when instrument compliance is 
a significant problem is when the complex 
shear modulus (G*) of the binder is greater 
than approximately 30 MPa.(5) 

For RTFO/PAV paving grade binders, 30 MPa  
is only reached well below 0 °C. But for  
very stiff binders from, for example,  
recycled asphalt shingles (RAS), 30 MPa  
can occur well above 0 °C. To accurately 
measure the intermediate-temperature 
rheology of RAS, the instrument compliance 
must be corrected. 

Concept of Machine Compliance

The DSR is the critical apparatus used in the 
performance-graded (PG) binder system for 
high and intermediate temperature. During 
the Strategic Highway Research Program 
(SHRP), DSR with parallel plate geometry 
was considered for the low-temperature 
PG system, but it was not selected because 
it was recognized that DSR mechanical 
measurements at temperatures below 5 °C 
produced substantial compliance errors in the 
absolute values of the dynamic moduli (G'(ω) 
and G"(ω)) and relaxation modulus G(t).(6) 

In other words, when the true shear 
strain applied is significantly lower than 
the command strain because the sample/
geometry configuration is stiff compared 
with the instrument, the test fixtures and 
the torque transducer are also deformed 
by the stress required to shear the sample. 
The deformation of the test fixtures and 
transducer constitutes the instrument 
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compliance.(7)  Significant error in the 
reported mechanical properties may result 
if the compliance is not properly taken into 
account.

The effect of the compliance correction is 
demonstrated in figure 2. At low frequency 
(high temperature), the asphalt binder is 
compliant, and the effect of instrument 
compliance is negligible. However, at high 
frequency (low temperature), the asphalt 
binder is no longer compliant, and the effect 
of instrument compliance is significant. 
Instrument compliance correction adjusts 
the DSR measurements to reveal the true 
low-temperature rheology.

In rheology, the deformation due to the 
compliance of instruments at low testing 
temperature is generally referred to as 
machine compliance or instrument compli-
ance. Instrument compliance can lead to 
huge errors when measuring material prop-
erties near a material’s glassy regime.(8–10)  
The reason is obvious with respect to the 
equations shown in figure 3 and figure 4.

In figure 3 and figure 4, G is the modulus, τ 
is the stress, and у is the strain. At high tem-
peratures (i.e., temperatures well above the 
glass transition of the sample), the modulus  
is low and is much less than that of the 
instrument or measuring tool (stainless 

Figure 2. Four-mm DSR—aged asphalt binder and complex shear modulus master curves from corrected and  
uncorrected data.

Figure 3. Shear modulus. Figure 4. Measured strain.

©Western Research Institute.



5

steel or aluminum). The deformation due 
to the machine compliance, or the second 
term in the right-hand side of figure 4, is 
negligible. Consequently, the measured 
modulus is the actual modulus of tested 
material. However, at low temperatures or 
temperatures close to and below the glass 
transition temperature of the sample, the 
modulus begins to approach that of the 
instrument or measuring tool. In this case, 
the compliance from the instrument (sec-
ond term on the right-hand side of figure 4) 
is not negligible. As a result, the measured 
modulus of the sample is lower than its true 
value, which can lead to an error factor of 
approximately 10 in the estimation of the 
glassy shear modulus. 

Measuring the Instrument 
Compliance of a Dynamic Shear 
Rheometer—Tools and Platens

Instrument compliance is determined by 
varying the angular motor displacement 
and measuring the torque generated using 
a solid rod in place of parallel plates. 

Figure 5 is a plot of the torque versus the 
motor movement or twist. The data were 

generated by first inputting a fictitious gap 
(.001 mm in this case) and then performing  
a series of steps in strain, starting with 
the smallest value allowed and increasing 
in small increments to avoid reaching the 
maximum torque limit and damaging the 
torque transducer. Each strain step was 
applied for 100 s. The resulting torque and 
displacement for each step were then aver-
aged. The slope of the linear best-fit line is 
the instrument compliance.(11)

This issue of measuring the instrument 
compliance has been discussed with the 
major rheometer manufacturers. It is antici-
pated that in the near future, the rheometer 
manufacturers will measure the instrument 
compliance before delivering a new rheom-
eter and will, as part of the annual mainte-
nance, measure the instrument compliance 
for the client on older instruments.

Manually Correcting G'() and 
G"() for Instrument Compliance 

Since about 2007, rheometer manufacturers 
have almost universally included real-time 
online instrument compliance correction as 

Figure 5. Example: determination of instrument compliance from the slope of the linear fit of the angle displacement and 
torque measurements.

©Western Research Institute.
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part of the rheometer software. The follow-
ing equations (figure 6 through figure 8) 
describe how the correction is made to the 
storage modulus (G's), loss modulus (G"s), 
and phase angle (δs):

Where:

G's =  The sample complex storage modulus, Pa.

G"s =  The sample complex loss modulus, Pa. 

δ s  =  The sample phase angle, radians.

G'm =  The measured complex storage  
modulus, Pa. 

G"m =  The measured complex loss modulus, Pa.

Jtool = The tool compliance, rad/N·m.

kg =   The geometry constant, m3.

Reliably Reproducing Data 
Using Different Size Plates After 
Machine Compliance Corrections 
Are Applied

Figure 9 compares the G*(ω) master curve 
for a PAV-aged asphalt combining the data 
collected using 4-mm DSR at temperatures 
ranging from -30 to 30 °C and the G*(ω) 
master curve of the same asphalt using  
8- and 25-mm parallel plates at intermediate 
and high temperatures ranging from 0 to  
80 °C. The machine compliance corrections 
for 4-mm parallel plate data were done 
automatically by entering a compliance 
value into the system software. The com-
parison of the two master curves in figure 9 
indicates: (1) the data collected on different 
size plates are consistent with each other, 
and (2) DSR reliably reproduces data using 
different size plates after machine compli-
ance corrections are applied.

Estimating BBR m-Value and Creep 
Stiffness Using 4-mm DSR

Low-temperature rheological parameters 
such as BBR m-value and creep stiffness S(t) 
can be estimated through a correlation 
with 4-mm DSR.(12) Figure 10 and figure 11  
illustrate the method. The slope and 
magnitude of the shear stress relaxation 
modulus G(τ) master curve at 2 h and at the 
true low performance-graded temperature 
are correlated with the corresponding S(τ) 
and m-values at 60 s and 10 °C above the 
true low performance-graded temperature 
from BBR measurements. 

The method has been recently modified 
by measuring the G(τ) slope and 
magnitude at 60  s and 10 °C higher than 
the performance-graded temperature.(13)  

The reason for the modification is that it 
significantly reduces test time, and the 
test temperature is easier to achieve and 
reduces potential error. 

Figure 6. Storage modulus.

Figure 7. Loss modulus.

Figure 8. Tangent phase angle.
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Note: Reference temperature is equal to the low PG temperature plus 10 °C.

Note: Reference temperature is equal to the low PG temperature plus 10 °C.

Figure 9. Master curves of G* combining data collected on DSR with 4-, 8-, and 25-mm parallel plates for a  
PAV-aged asphalt.

Figure 10. Four-mm DSR—relaxation modulus G(t) and the slope at 2 h. 

Figure 11. BBR—creep stiffness and m-value at 60 s.

©Western Research Institute.

©Western Research Institute.

©Western Research Institute.
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There are several reasons that the 
magnitude and slope of G(t) from 4-mm 
DSR were correlated with the magnitude 
and slope of S(t) from BBR rather than 
simply interconverting the dynamic shear 
storage and loss moduli (G', G") to shear 
creep compliance, J(t), and then converting 
J(t) to tensile creep compliance, D(t). For 
example, the cooling systems used in DSR 
and BBR are quite different, and that can 
cause significant differences in the physical 
hardening that occurs during the respective 
testing. Also, to convert the complex shear 
modulus, G*, to a tensile modulus, E*, 
Poisson’s ratio (ν) is typically assumed to  
be 0.5 (at all frequencies). However, ν is very 
likely time dependent and may actually vary 
to as low as 0.3.

Figure 12 and figure 13 show the correlation 
developed between BBR creep stiffness and 
DSR shear stress relaxation data, allowing 
estimation of BBR m-value and S(t) from 
4-mm DSR.(13)  

How to Determine mr and G(t)

A series of steps are involved when  
calculating mr(60s) and G(60s) from 
4-mm dynamic oscillatory shear data (two  

frequency sweeps in this case) at 60 s and a 
reference temperature of PG+10 °C. The first 
step is to generate a G '(ω) master curve at 
a reference temperature of PG+10 °C using 
PG+10 °C and PG+20 °C frequency sweeps. 
Typical test data are shown in figure 14. 

The next step involves using Microsoft® 
Excel solver to determine the horizontal 
shift factor (aT) to translate the PG+20 °C 
frequency sweep along the abscissa so that 
it overlaps the PG+10 °C frequency sweep. 
The horizontal translation is accomplished 
by multiplying the PG+20 °C frequencies by 
aT and plotting the storage modulus as a 
function of the multiplied frequencies. The 
basis for the shift factor is known as time-
temperature superposition. The resultant 
G'(ω) master curve is shown in figure 15.

The relaxation modulus G(t) is then deter-
mined through interconversion of the  
storage modulus G'(ω) by the approximate  
expression developed by Christensen  
(figure 16).(14) 

Figure 17 displays the relaxation modulus 
determined using figure 16. The relaxation 
modulus curve is then used to determine 
mr(60s) and G(60s).

Figure 12. Correlation between BBR S(60s) and 4-mm DSR G(60s). 

©Western Research Institute.
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Figure 14. PG+10 °C and PG+20 °C frequency sweeps. 

Figure 15. G' master curve at a reference temperature PG+10 °C.

Figure 13. Correlation between BBR mc(60s) and 4-mm DSR mr (60s).

©Western Research Institute.

©Western Research Institute.

©Western Research Institute.

Dawn.Vanlandingham
Rectangle

Dawn.Vanlandingham
Line

Dawn.Vanlandingham
Typewritten Text
Revised 8/16/2017



10

Summary and Conclusions

The 4-mm DSR test method is a major 
technological breakthrough allowing 
improvement in the ability to provide 
performance-related specifications for 
highway materials. Its primary application 
is as an alternative to the existing RTFO/PAV 
low-temperature PG requirement currently 
determined using the BBR. Because of the 
minimal amount of asphalt binder required 
(0.15 g), 4-mm DSR offers the following 
advantages compared with BBR:

• Four-mm DSR can be used to determine 
the low temperature rheology of 
emulsion residue recovered using low-
temperature evaporative techniques 
when there is insufficient residue  
for BBR.(3)

• Four-mm DSR allows field micro-
sampling and extraction and a simple, 

convenient way to determine the low-
temperature rheology of recovered 
asphalt.(1)

• Four-mm DSR allows thin film aging  
(300 m) as an alternative to stan-
dard RTFO and PAV. For example, the 
USAT is a 300 m thin film method 
recently developed by Western 
Research Institute/Federal Highway 
Administration.(3)

• Four-mm DSR is a simple alternative 
to the modified BBR proposed in 
AASHTO TP 87-10 (low-temperature 
crack sealant rheology).

• Four-mm DSR is a simple, possibly 
more precise method than BBR when 
measuring low-temperature rheology 
to determine thermal stress build-up 
under the AASHTO R49-09.

Figure 17. Relaxation modulus master curve to determine mr (60s) and G (60s).

Figure 16. Shear relaxation modulus.

©Western Research Institute.
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See Farrar et al. for the full report on the 
development of 4-mm DSR.(13) The test 
method in AASHTO format is available in 
the appendix of the report. 
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