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Abstract

With increased usage among today’s modern infrastructure, ultra-high-performance 

concrete (UHPC) and its mechanical properties have been the focus of many research projects 

and experiments.  Understanding the advantages of this relatively new material can provide 

immense benefits in design of global infrastructure.  The purpose of this study is to fill the gaps 

in understanding of long-term deformation behavior and structural significance of UHPC 

mixtures by accurately measuring and modeling the creep strain observed in UHPC specimens.  

For this study, a series of six, 2.5” by 2.5” by 36” column specimens were tested, three cast with 

normal strength concrete and three cast with a modified ultra-high-performance concrete without 

steel fibers.  The specimens were loaded to varying stress levels defined as fractions of measured 

f’c values for a duration of 28 days.  Displacement measurements were taken at predetermined 

time intervals using a Whittemore gauge and embedded brass inserts.  The data collected for 

each specimen was fitted using a Laplace Transform Elastic-Viscoelastic solution.  The fitted 

data was then used to show and compare calculated values of creep compliance and creep 

coefficients for the various stress levels of each concrete mix.  The creep compliance values after 

28 days for the normal strength concrete ranged from 2.48E-07 to 3.05E-07 psi-1 and the 28-day 

creep coefficients ranged from 0.27 to 1.69.  The creep compliance values after 28 days for the 

modified ultra-high-performance concrete ranged from 2.08E-07 to 2.21E-07 psi-1 and the 28-

day creep coefficients ranged from 0.38 to 0.50.  The best fit models for creep, shrinkage and 

recovery curves and their respective fit parameters are presented as well.
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Chapter One – Introduction

Background

 Since its inception in the 1980s ultra-high-performance concrete (UHPC) has been a 

popular topic among the infrastructure industry (Schmidt and Fehling, 2004).  The materials 

superior properties have drawn engineers to its potential usage in modern construction.  When 

compared to normal strength concrete (NCS), UHPC mixtures have shown greater strength and 

durability properties.  Mainly characterized by high tensile strengths ranging from 1.2 to 2.2 ksi 

(Wille et al, 2011) and compressive strengths ranging from 17 to 22 ksi (Tadros et al., 2020) 

engineers quickly realized the advantages to using UHPC mixes in both traditional and 

“tensioned” concrete design.  The first structure to use a UHPC mixture for structural members 

was a pedestrian bridge in Sherbrooke, Canada.  This bridge, built in 1997 used an early form of 

UHPC called Reactive Powder Concrete (Azmee and Shafiq, 2018).  Since the completion of this 

project UHPC has been a heavy focus primarily in the transportation and bridge industry, 

however, with new information arising about this material, its potential for use in other facets of 

infrastructure is becoming even more probably. 

UHPC mixtures gain their increased strength and durability behavior by applying four 

principle adjustments to the mix matrix of normal strength concrete.  These include a reduction 

in the water-cement-ratio (w/c) to 0.25 or less, elimination of coarse aggregate to achieve greater 

packing density, the use of additional superplasticizers to maintain workability and the 

incorporation of fibrous materials to increase the tensile properties (Schmidt and Fehling, 2004).

While plenty of research has been done on ultra-high-performance concrete in the past 

thirty years there is still a need for more information to help validate and create safe code 
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provision for designers in the years to come.  Among the available research, project parameters 

have included studying better material substitutes for cheaper and stronger mixtures, finding 

different curing methods for increase strength, or observing the effectiveness as structural 

members such as beams or columns.  While in most of these projects the materials strength 

properties are normally well recorded, there is a lack in information about the time-dependent 

properties such as the creep and shrinkage seen with UHPC mixtures.  These time-dependent 

properties are vital to designers and if neglected during the design process will lead to inadequate 

and unsafe structures.  

For example, a major aspect of pretension or post-tension design is the importance of 

losses.  Losses are a reduction in the tensioning forces applied to a member due to immediate and 

long-term deformations in both the concrete and steel strands (Nawy, 1996).  A major 

component of losses are the creep strains that develop within the concrete member from the 

effect of the constant applied compressive force.  If not taken into consideration during design, 

these losses will cause excess deflections which in turn create cracking and ultimately failure.  

Knowing the level of importance that these long-term deformation behaviors hold in design, it is 

necessary that for further advancements in structural design the creep properties of a UHPC 

material should be well known and documented.

Scope and Aim

The scope of this research is to fill in gaps in the understanding as well as reinforce 

previous research conclusions by presenting the time dependent deformation properties of 

normal strength concrete (f’c~6ksi) and a modified ultra-high-performance concrete (f’c~21ksi) 

without steel fibers.  A series of three test specimens for each mix were loaded to selected stress 

levels and held at constant for a 28-day period in a temperature and humidity-controlled room.  
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The concrete deformations were measure at selected time intervals via external Whittemore 

strain gauge readings between embedded brass inserts on the side of the test specimens.  The 

collected data was used to accurately model the time dependent deformation properties of both 

concrete mixes by determining fit parameters for a Laplace Transform Elastic-Viscoelastic 

solution.  Creep and shrinkage strains were measured and along with the calculated creep 

compliance and creep correlation values were presented and compared to values found in the 

previous research studies mentioned in the literature review.  After creep testing was performed, 

measurements for the recovery curve were also recorded and model to encapsulate a full range of 

visible creep strain behaviors seen in concrete members.

Thesis Outline

The outline for this thesis is broken up into seven chapters.  The introduction presented in 

Chapter One, includes background information and the scope and aim of the project.  Chapter 

Two reviews the mechanisms behind creep behavior in concrete as well as discussing the theory 

of a viscoelastic modeling solution for use in fitting creep and recovery data.  A comprehensive 

literature review of the state of knowledge on creep behavior in both normal strength and ultra-

high-performance concrete is presented in Chapter Three.  Chapters Four and Five present the 

experimental materials and methodology. The experimental results are presented and discussed 

in Chapter Six.  Finally, the report is concluded in Chapter Seven.  All calculated data used in 

this study are included in the appendices.
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Chapter Two - Theory

As the aim of this study is to determine the time-dependent properties of ultra-high-

performance concrete, this section will review the theories and ideas for the prediction of creep, 

shrinkage, and recovery behavior of concrete.

Creep Behavior

Concrete is a viscoelastic material, meaning upon loading a linear stress-strain relation 

can be observed.  However, after holding a load constant the material shows signs of viscous 

behavior with a reduction in the strain rate due to particle redistribution.  This behavior, notably 

know as creep, is debated amongst material engineers today as many factors play into the creep 

behavior of a concrete mixture.  By separating concrete into its two main components, the 

aggregates and cement paste, it has been agreed upon that creep is not a factor of the aggregates 

as they will tend to restrain movement (Mindess et al., 2003). Instead, creep is a behavior of the 

cement paste.  A common consensus is that creep occurs as a product of the rearrangement of the 

cement paste nanostructure due to the presence of water in the Calcium-Silicate-Hydrate 

structure (Hailong Ye, 2015).  Where the interaction between the water and the calcium silicate 

hydrate cause deformations due to either movement of free water between pores, redistribution 

of particles through sliding or transfer caused by the absorbed water, or translation of internal 

molecular structure due to the interlayer water. 

To determine creep properties of concrete, a creep test is performed where specimens are 

loaded in compression to desired stress levels and held at constant for a predetermined time.  It is 

common to load concrete test specimens to stress levels up to 50% of the measured f’c value, as 

doing this ensures that the concrete will remain in a linear elastic behavior.  Keeping the applied 
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stress below 0.50f’c allows for the simplification of calculations while still producing accurate 

data modeling using constitutive equations.  Readings taken throughout the test measure 

deformations seen in the specimen.  These deformations relate to total strain readings and at their 

most basic level, as seen in Equation 1, are a combination of initial elastic, creep, and shrinkage 

strains.  

  𝜀𝑡𝑜𝑡 = 𝜀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 𝜀𝑐𝑟𝑒𝑒𝑝 + 𝜀𝑠ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 (1)

Shrinkage strains are taken from measurements on identical unloaded concrete specimens 

that are allowed to dry in the same environment as the loaded specimens.  As it is assumed that 

creep and shrinkage strains are interrelated (Mindess et al., 2003) the creep strain can be 

determined by subtracting the shrinkage strain from the total measured strain.  Doing this allows 

for the reporting of the sole creep strain behavior seen within concrete mixtures. 

Creep data is commonly presented in two ways, the first being the calculated creep 

coefficient, Equation 2, which shows the ratio of creep strain to initial strain.  The second is the 

presentation of the calculation of a creep compliance, which is a measurement of the creep strain 

per unit stress shown in Equation 3 (ACI 209, 2008).

𝐶 =  
𝜀𝑐𝑟_𝑡

𝜀0
(2)

𝐽(𝑡) =  𝜀(𝑡)𝑐𝑟

𝜎 (3)

The creep coefficient can be helpful in determining the amount of creep loss seen in 

prestressed and post-tensioned members, it is also used in various creep strain prediction models 

to determine the creep compliance.  The creep compliance is an important piece of creep strain 
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modeling as the compliance is the inverse of the relaxation modulus and multiplying the 

compliance by the applied stress will yield a strain model as a function of time.  

Creep strains can be modeled by forming a viscoelastic solution.  These solutions use the 

basic theories behind the behavior of springs and dashpots to replicate the elastic and viscous 

behaviors seen in concrete.  In doing so, the springs will represent the elastic properties and the 

dashpots help to model the viscous behavior of concrete (Findley et al, 1976).

Figure 1. Creep model visualizations

Two basic models for viscoelastic solutions are the Maxwell and Kelvin models.  The 

Maxwell model shown as Figure 1C consist of a spring and dashpot arranged in series.  While 

adequate for determining the initial elastic strain behavior it falls short to accurately represent the 

creep strain behavior due to a lack of creep strain rate differentiation.  The Kelvin model in 

Figure 1D consists of a spring and dashpot arranged in parallel.  Unlike the Maxwell model, the 

Kelvin model more accurately depicts the creep strain rate behavior seen in time dependent tests 
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of concrete. However, the Kelvin model does not include an initial elastic strain component.  

Due to their differences the two models are commonly used together to form combined four or 

three element models seen in Figures 1E and 1F respectively that work together to capture the 

full time dependent observable creep strain behavior (Findley et al, 1976).  Using the simple 

stress-strain relationship equations for both a spring and dashpot, total stress or total strain 

equations can be created and manipulated using Laplace Transforms to form a strain function 

with respect to time to be used in the fitting of recorded data.  

The Elastic-Viscoelastic solution used in this experiment is presented in Equation 4 

which includes fit parameters E0, E1, τ, β and Pmax.  Where E0 represents the initial elastic 

stiffness, E1 determines the viscous flow with time, τ is the total duration of the test, β controls 

the shape of the fit curve and Pmax is the applied load.  To obtain this function the time variable 

was removed using Laplace Transforms in a similar manor as done by Jones and Grasley in their 

research on short-term creep of cement paste during nanoindentation (Jones and Grasley, 2010).

 𝜀(𝑡) = ( 1
𝐸0

+ 1 ― 𝑒
―(𝑡

𝜏)𝛽

(1 ― 1
𝑒
)𝐸1) ∗ 𝑃𝑚𝑎𝑥

𝐴 (4)

As creep compliance and the relaxation modulus are both factors of viscoelastic 

properties in a material, they are mathematically related.  Equation 5 shows their inverse 

relationship as the transformed relaxation modulus is a function of the transformed creep 

compliance. The transformed creep compliance function used in this model was derived from 

Equation 6, which shows the creep compliance function presented by Jones and Grasley. 

𝐸(𝑠) =
1

𝑠2𝐽(𝑠) (5)
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𝐽(𝑡) =
1

𝐸0
+

1
𝐸1(1 ― 𝑒―1)(1 ― 𝑒―(𝑡

𝜏
)𝛽

) (6)

Assuming the load is applied as a step load allows for the Laplace Transform of the step 

function to be taken as seen in Equation 7.

 𝑃(𝑠) = 𝑃𝑚𝑎𝑥

𝑠 (7)

To form the strain function in Equation 4, the inverse Laplace Transform of the 

transformed stress function divided by the transformed relaxation modulus, as shown in Equation 

8, must be taken.  In doing so the output function shows a strain-time relationship, influenced by 

creep compliance multiplied by the applied stress. 

𝐿―1{
𝑃(𝑠)

𝐴
𝑠𝐸(𝑠)

} (8)

Shrinkage Behavior

Shrinkage behavior is similar to creep behavior as it is seen in concrete as a product of 

the cement paste and water.  However, while creep pertains to the movement of water, shrinkage 

is a factor of the loss of water in the cement paste.  Shrinkage strains are broken down into 

drying shrinkage, autogenous shrinkage, and carbonation shrinkage (Mindess et al., 2003).  

Drying shrinkage is caused by the removal of all evaporable water from the concrete.  This 

includes water on the surface, internal pores, and in the C-S-H solid.  Autogenous shrinkage 

comes from the loss of water due to the hydration process of the cement paste.  This is 

commonly found during standard curing as the internal water begins to react with the cement.  

Finally, carbonation shrinkage is a factor of the reaction of the C-S-H with the carbon dioxide in 

the air.  
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To model shrinkage strains the ACI 209.2R-08 Guide for Modeling and Calculating 

Shrinkage and Creep in Hardened Concrete provides four applicable best fit models.  These 

include the ACI 209R-92, Bažant-Baweja B3, CEB MC90-99, and GL2000 models.  For the 

purpose of this paper, the concrete shrinkages were modeled using the ACI 209R-92 shrinkage 

strain equation as seen in Equation 9.  Where ∅ is a function of the shape and size of the concrete 

specimen, 𝜀𝑠ℎ𝑢 is the ultimate shrinkage strain, and α defines the shape of the curve.  While the 

𝜀(𝑡)𝑠ℎ = 𝑡𝛼

∅ + 𝑡𝛼𝜀𝑠ℎ𝑢 (9)

other models mentioned may more closely predict the shrinkage behavior, the ACI 209R-92 

model is most commonly used as it allows for simplicity in the prediction of shrinkage behavior.

Recovery Behavior

Recovery occurs after applied stress is removed.  This behavior, like the creep behavior 

during the loaded period is a factor of the initial elastic strain as well a function of viscous 

behavior with time.  Because of this, modeling can be accomplished using the same strain 

function from the creep strain model in Equation 4.  Changing the applied stress from positive to 

negative will allow for the modeling of the inverse curve as the calculated strains will be 

deducted from the final 28-day creep strain measurement.  Similar as to before, in Equation 10, 

𝜀(𝑡) = ( 1
𝐸0

+ 1 ― 𝑒
―(𝑡

𝜏)𝛽

(1 ― 1
𝑒
)𝐸1) ∗ ―𝑃𝑚𝑎𝑥

𝐴 (10)

the linear elastic stiffness E0 will be related to the observed initial elastic strain, E1 models the 

viscous flows and β determined shape of the recovery strain model.  These will differ from the 
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parameters found with the creep strains due to the presence of an irreversible strain that is caused 

by the viscous deformation that occurred during the loaded period. 
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Chapter Three - Literature Review

In this literature review creep data from previous research projects using normal strength 

and ultra-high-performance concrete will be presented with the purpose of showing where the 

current state of knowledge is on creep aspects in both normal strength and ultra-high-

performance concrete.  

Normal Strength Creep Data

Since first being observed in the early 1900s, a wide range of data for creep behavior of 

normal strength concrete has been collected.  Researchers at Northwestern University created a 

complete database for creep and shrinkage tests in 1978 and have continued to update it as more 

data is recorded (Hubler et al., 2015).  This database originally known as RILEM includes data 

from the 1930s to present day with recordings for both creep and shrinkage test.  The intent of 

this was to provide a comprehensive collection of creep and shrinkage data with varying sets of 

parameters including mix design, curing procedure, test environmental conditions, specimen 

sizes, test duration, and stress levels.  The collection of data could be used to test and evaluate 

the effectiveness of creep and shrinkage prediction models.  

A report published by the American Concrete Institution, the ACI 209.2R-08 Guide for 

Modeling and Calculating Shrinkage and Creep in Hardened Concrete, shows information from 

a study performed by Noel J. Gardner where the RILEM data was compared with four 

commonly used creep and shrinkage prediction models (Gardner, 2004; ACI 209, 2008).  These 

include the ACI 209R-92 model, the Bažant-Baweja B3 model, the CEB MC90-99 model and 

the GL2000 model.  The ACI 209R-92 model was introduced in the 1970s for the precast 

industry as an empirical based model which allows simplicity in usage due to the limited amount 
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of information needed.  The Bažant-Baweja B3 model was also created in the 1970s and unlike 

the ACI model this requires a more in-depth knowledge of the mix design which may be 

available to the engineer at the time of usage.  The CEB MC90-99 model came about in the 

1990s and includes adjustments for usage of high-strength concrete as well as normal strength 

concrete.  Finally, the GL2000 model which was formulated in 2001 was created to model creep 

and shrinkage with the intent that the only data required would be that which would be readily 

available to the design engineer (ACI 209, 2008).

In the study done by Gardner, data from the RILEM database for 107 shrinkage test and 

166 creep compliance tests were used to compare the prediction models to experimental results 

with a range of parameters.  These parameters included tests performed for greater than 500 

days, 28-day compressive strengths ranging from 16 MPa to 82 MPa, curing duration of greater 

than 1 day, age of loading greater than 28 days, V/S ration greater than 19mm, relative humidity 

ranging from 20-100% for compliance and relative humidity below 80% for shrinkage.  Gardner 

found that, the ACI 209R-92 tends to overestimate early shrinkage strain and underestimate late 

shrinkage strain, as well as underestimate the creep compliance, the CEB MC90-99 model 

underestimates shrinkage but adequately models creep compliance, the Bažant-Baweja B3 model 

is good at predicting shrinkage, and the GL2000 model produced the most accurate predictions 

of shrinkage and creep compliance when compared the to the RILEM data used (Gardner, 2004). 

The continuation of testing and recording creep and shrinkage data to be added to the 

RILEM database can help to increase the understand of how different parameters affect the long-

term deformation behavior of concrete and ultimately lead to revision in code equations to lead 

to increased accuracy with prediction models.
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UHPC Creep Data

As mentioned before, the creep behavior of UHPC specimens has not been as well 

documented and researched as the normal strength concrete counterpart.  The following tests are 

some of the available sources with relevant data pertaining to the behavior of UHPC specimens 

subjected to a small variety of different parameters.  Each of these studies uses proprietary 

UHPC mixtures available to the commercial market and include the usage of steel fibers as part 

of their mix matrix.

Under the support of the Federal Highway Association, Benjamin A. Graybeal conducted 

a full material testing of Lafarge’s patented UHPC mix, Ductal (Graybeal, 2006).  At the time 

this was the only commercially available mixture in the United States and Graybeal’s study 

would determine the feasibility of using the Ductal mix for bridge infrastructure.  Through his 

research, data was collected for the strength properties and time-dependent behaviors of the 

Ductal mix.  Among the experimental test were long-term creep and shrinkage tests.  

The creep tests were performed on four sets of four 4” by 8” cylinder, each cured by 

differing methods, steam treated, delayed steam treated, tempered steam treated and untreated.  

The cylinders were loaded at differing times according to their curing treatment.  Stream and 

tempered steam treated cylinders were loaded at 4 days, delayed steam treated cylinders were 

loaded at 21 days and untreated cylinders were loaded at 28 days.  A hydraulically actuated load 

frame placed in an environmentally-controlled room was used to apply a load to each cylinder of 

40% of the expected 28 ksi compressive strength which equates to 11.2 ksi.  Readings were 

taken via Whittemore points with a gauge length of 6” attached to the cylinder at three locations 

around its circumference for a time of one year.  Simultaneously with the creep test, shrinkage 

data was being collected on three unloaded samples for each curing method in accordance with 
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ASTM C157 and ASTM C490.  The measurements were taken initially after demolding and then 

daily, weekly, and monthly for the duration of a year.  

Shrinkage strains were fit by using a modified shrinkage strain equation presented in the 

ACI209R-92 model.  The shrinkage strains were subtracted from the total recorded strains to 

determine creep strains, and the creep coefficients were found by dividing the creep strain by the 

initial elastic strain.  Using the creep coefficients, Graybeal was able to compare his measures 

data to that of the manufacture Lafarge as well as to coefficients seen in normal strength 

concrete.  The data showed that the Ductal mixture provided lower creep coefficients than that 

seen in normal strength concrete mixes.  The coefficients of 0.29, 0.78, 0.66, 0.31 for steam 

treated, untreated, tempered steam treated, and delayed steam treated respectively, compared to 

the range of 1.5 to 3.0 for recorded data from normal strength concrete tests.  Recorded data 

showed that the ultimate shrinkage strains ranges from 555 με to 766 με, the initial elastic strains 

ranged from 1500 με to 2057 με, and the final creep strain ranged from 440 με to 1600 με.  

Graybeal was able to conclude that the UHPC specimen in his test did show improved creep 

behavior when compared to NSC and he determined that steam treating concrete is an effective 

way to mitigate strains behavior.

Jason C. Flietstra also researched creep and shrinkage effects of the Ductal premix for his 

master’s thesis at Michigan Technological University (Flietstra, 2011).  Suited towards 

determining creep behavior for prestress usage, the experimental matrix included testing five 

different curing treatments at two applied stress levels.  A targeted 14 ksi 7-day compressive 

strength was determined for the specimens as this is a typical recommended release strength for 

prestressed design.  The five curing treatments included ambient curing treatment (AMC), 

standard thermal curing treatment (SST), pre-steam then standard thermal curing treatment 
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(PST), pre-steam then delayed thermal curing treatment (PSD), and pre-steam then double 

delayed thermal curing treatment (PDD).  

  By conducting compression test study on 3” by 6” specimens for each curing treatment, 

Flietstra was able to determine when each treatment would yield the desired compressive 

strength of 14 ksi. Subsequently the specimen curing times and load levels were as follows for 

0.60f’c and 0.20f’c respectively:

 AMC cured for 70 hours before loading to 51.8 kips and 17.25 kips

 SST cured for 70 hours before loading to 0.63 and 0.21 of measure 13.3 ksi f’c

 PST cured for 14 hours before loading to 58.6 kips and 19.5 kips

 PSD cured for 16 hours before loading to 57.8 kips and 19.3 kips

 PDD cured for 16 hours before loading to 56.9 kips and 19.0 kips

The creep tests were performed on 3” by 12” cylinders that were horizontally cast.  The 

specimens were loaded in a custom hydraulic jack creep frame for 24 to 28 day.  Measurements 

were taken on all creep and shrinkage specimens via imbedded brass inserts with an initial gauge 

length of 8” using a Whittemore strain gauge at hourly, daily then weekly intervals after initial 

loading.  The recorded strains for each test are shown in Table 1. Subtracting the initial elastic 

and shrinkage strains from the total strains allowed for the calculations of the creep strains and 

creep coefficient.  
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Table 1. Recorded strain data from study performed by Fliestra (Fliestra, 2011)

0.20f’c 
Initial

0.60f’c 
Initial

0.20f’c Total 
28-day

0.60f’c Total 
28-day

Shrinkage 
28-day

AMC 579 με 1269 με 693 με 1438 με 380 με
SST 466 με 1403 με 755 με 1991 με 313 με
PST 573 με 1502 με 611 με 1955 με 303 με
PSD 526 με 1542 με 785 με 2034 με 301 με
PDD 557 με 1451 με 879 με 2012 με 475 με

Table 2. Creep strains and creep coefficients recorded by Flietstra (Flietstra, 2011)

0.20f’c 
Creep Strain

0.60f’c 
Creep Strain

0.20f’c 
Creep Coef.

0.60f’c 
Creep Coef.

AMC 313 με 1058 με 0.54 0.83
SST 442 με 1678 με 0.89 1.12
PST 309 με 1653 με 0.54 1.26
PSD 491 με 1727 με 0.93 1.12
PDD 404 με 1537 με 0.68 1.00

Flietstra found that thermal treatments are good at speeding up the creep behavior, but 

unlike Graybeal found that steaming did not have the same effect.  His recordings of creep 

coefficient differed from those seen in the Graybeal report as higher values were calculated.  

However, his strain measurements were in the range of those seen recorded by Graybeal. 

Zachary B. Haber, Igor De la Varga, Benjamin A. Graybeal, Brian Nakashoji, and Rafic 

El-Helou continued to research the properties and behaviors of UHPC mixtures as more 

variations became available under support of the FHWA (Haber et al.,2018).  Through testing, 

data was collected on five different commercially available UHPC mixes in the United States 

and Europe including the Ductal mix previously mentioned in the Graybeal (2006) experiment.  

Unlike Graybeal’s initial research where creep behavior was differentiated by adjusting curing 

treatments for specimens, the goal of this test was to observe the creep behavior due to varying 
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applied stress levels.  In a similar approach as to before, tests were performed on 4” by 8” 

cylinders in a hydraulically actuated load frame placed in an environmentally-control room with 

relative humidity at 50% and a temperature of 23ºC.  Specimens were loaded to predetermined 

stresses of 0.40f’c and 0.65f’c. The specimens loaded to 0.40f’c were cured by standard 

treatment for a minimum of 56 days before loading whereas those loaded to 0.65f’c were cured 

for a maximum of 7 days before loading. To gain the desired stress levels a load of 115 kips was 

applied to all frames.  Due to the difference in compressive strength seen from the varying cure 

times 115 kips provided the desired 0.40 and 0.65f’c stress levels.  

Data measurements were collected using a micrometer via externally applied detachable 

mechanical strain gauge points with an initial gauge length of 6”.  Readings were taken before 

loading, initially after loading, two to six hours after loading, daily, weekly, and then monthly for 

over a year.  Measurement for shrinkage strain were taken simultaneously with the creep 

readings.  Combined with recorded data from Graybeal’s 2006 tests the measured initial strains 

ranged from 1947 με to 2998 με for the 0.65f’c test and 1432 με to 2076 με for the 0.40f’c test.  

The corresponding calculated creep strains ranged from 1600 με to 3719 με for the 0.65f’c test 

and 1003 με to 2425 με for the 0.40f’c test.  As done in the previous studies the creep 

coefficients were also calculated are as follows, the 0.65f’c test ranged from 0.78 to 2.47 and the 

coefficients for the 0.40f’c test ranged from 0.70 to 1.17 (Haber et al.,2018).  

Comparing these studies over UHPCs to the estimated normal strength creep coefficients 

of 1.5-3.0 for mature concrete, it is observed that the UHPC mixes still show lower values of 

creep strain.  As seen through the research presented, much like with NSC there are many factors 

that affect the creep behavior in UHPC specimens.  Continuing to test and record data can help to 

create accurate creep and shrinkage prediction models to be used in the design process.
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Chapter Four - Materials

Normal Strength Concrete Mix Design

Following traditional concrete design procedures, a normal strength concrete mix was 

created.  The mix used in this experiment had a desired f’c of 6 ksi after 28 days of curing. The 

w/c ratio was kept to 0.45 and a water reducer was added to help obtain greater compressive 

strength.  Type I Portland Cement was used to form the cement paste and oven dried crushed 

stone and oven dried river sand formed the aggregates.  Table 3 shows the proportioning for the 

normal strength concrete mix used in testing.

Table 3. Normal strength concrete mix design

Material Specific Gravity  per cubic yard
Type I Portland Cement 3.15 564 lbs

Fine Aggregate 2.6 2024 lbs
Coarse Aggregate 2.6 1120 lbs

Water 1.0 254 lbs
Water Reducer – ADVA 140M 25 fl. oz.

Ultra-High-Performance Concrete Mix Design

Over the years there have been several UHPC mixtures that have been available for 

commercial usage.  While each have their differences, ultra-high-performance concrete mixtures 

can be characterized by having a low water-to-cement ratio, high packing density, and include 

the usage of superplasticizers and steel fibers.  For this experiment a mixture was derived from a 

UHPC mix design provided by HiPer Fiber LLC.  This mix was formed through a study done to 

create an “open-recipe” UHPC mix that would be used as an alternative to expensive proprietary 

mixtures currently on the market (El-Tawil et al., 2020).  Having a non-proprietary mix formula 
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allowed for adjustments in the mix design to be made to better suit specific needed requirements. 

Two adjustments made for the mix used in this experiment were the elimination of the silica 

fume and steel fibers.  The silica fume is originally included to act as a compressive strength 

booster for the mix as silica fume’s pozzolanic properties and fine particles have shown to 

increase compressive strength when correctly dosed (Park et al., 2008).  Yet, during the testing 

of the UHPC mixtures the compressive strengths seen in the mixture without silica fume had 

consistently shown greater compressive strengths when compared to the mixture with the silica 

fume.  For this reason, it was decided to continue batching without the inclusion of silica fume 

and instead increase the cement and slag volumes in its absence to achieve the desired 

compressive strengths.  Steel fibers were also called for in the original mix by the amount of 2% 

by volume, however, as a custom mold setup with a relatively small cross section and embedded 

inserts was used, the fibers were left out with concerns of creating an inhomogeneous 

distribution of fibers and cement paste the due to low flowability and the confinement of the 

mold.  The inhomogeneous cross section would allow for defects in the internal structure which 

could negatively affect the creep response.  This effect has been previously seen to occur in fiber 

reinforced concretes with increased fiber percentages for both normal strength and UHPC 

mixtures (Zhao et al., 2016; Xu et al., 2018).  While it may be argued that without the steel fibers 

this mixture is no longer considered a UHPC mixture, both the ACI and FHWA have 

acknowledge that while steel fibers are generally used to increase specific requirements, test 

have been performed on UHPC mixtures without the inclusion of fibers.

The desired f’c for the UHPC mixture was set at 21 ksi after 28 days of standard curing.  

The mix used had a w/c ratio of 0.18 and included a high range water reducer to maintain a high 

workability. Type I Portland Cement and Ground Granulated Blast Furnace Slag (GGBS) cement 
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were used for the paste and a kiln dried fine sand produced by Quikrete was used as the fine 

aggregate.  Also, the addition of an accelerant helped to increase the 28-day compressive 

strength even further.  Table 4 shows the used mix proportions for the UHPC test specimens. 

Table 4. Ultra-high-performance concrete mix design

Material Specific Gravity per cubic yard
Type I Portland Cement 3.15 870 lbs

GGBS 2.81 870 lbs
Fine Aggregate 2.6 2100 lbs

Water 1.0 305 lbs
Water Reducer – Advacast 575 20 lbs

Accelerator – Daraset 400 348 fl. Oz.

Experimental Setup

The creep test was performed using a screw driven mechanical jack creep frame 

apparatus.  This setup allowed for the ability to apply a constant stress without loss of load. 

Fitted to the top of the frame was a 100-kip load cell which fed direct real time voltage readings 

to a Keithley 2750 Multimeter/Switch System where the voltage readings were converted into 

applied load readings in a custom LabVIEW based software. 
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Figure 2. Screw driven loading jack

Figure 3. 100-kip load cell placed at top of creep frame
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Figure 4. Keithley Multimeter / Switch System

Figure 5. LabVIEW based software for real time load readouts
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The load frames used for testing had a large 36” space between jack and load cell.  To fit 

this, a custom mold was designed for casting of test specimens.  Due to the load limitation of the 

100-kip load cells, a 2.5” by 2.5” cross section was used to allow for the proper load to be 

applied in relation to the desired stress.  With such a small column member buckling failure was 

checked using Euler’s equation for buckling, the 36” unbraced length and 2.5” by 2.5” cross 

section of the test specimen was determined to be adequate for pure compression without 

bending.  Additionally, during the tests the measured strain differences between opposite sides 

would confirm relatively zero bending.

To measure the strain, a Whittemore gauge, seen in Figure 6, with a gauge length of 8” 

was used to manually measure length changes between the embedded brass inserts shown in 

Figure 7.  Experimental readings were recorded using a Mitutoyo ABS Digimatic indicator 

mounted to the Whittemore gauge which provided capabilities for an absolute zero setting and 

error of 0.0001 inches.  

Figure 6. Whittemore strain gauge with Mitutoyo input tool
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Figure 7. Brass inserts used for measurement points

Recorded readings were placed into a pre-set excel sheet via a Mitutoyo USB input tool, 

also shown in Figure 6, to help eliminate recording errors.  The brass inserts were set in line 

down the center of each side of the test specimen.  These inserts were spaced at approximately 1” 

spacings and totaled to 34 inserts per side leaving a 1.5” space between a the top and bottom of 

the test specimen.  As the Whittemore gauge had a gauge length of 8” this allowed for 26 

individual collection points to be recorded per side of the test specimen.  
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Chapter Five - Methods

Mix Procedure

Due to the limitation of having only two creep frames, two separate batches of normal 

strength concrete and two separate batches of the UHPC were mixed on different days.  Using 

the mix procedure provided by HiPer Fiber solutions for “Plant Mixing” the following steps were 

conducted to batch the UHPC mixtures after all ingredients were measured and proportioned for 

the desired batch size.

1. Silica Sand, Type I Cement and Slag were added to the mixer and dry-mixed for 

roughly 5 minutes

2. Water and HRWR were mixed separately before being added to the dry mixed 

materials

3. Accelerator added to the mix after the water and HRWR

4. Batch mix for approximately 30 minutes or until adequate mixture consistency was 

achieved

After mixing, the concrete was place into the 2.5” by 2.5” by 36” molds seen in Figure 8 

and prepared with the 2.5” by 2.5” by ¼” steel cap from Figure 10, which was placed at each end 

to help achieve a flat surface for load application.  Temporary drilled steel spacers shown in 

Figure 9 were set in channels within the molds to hold the brass inserts in place during the first 

24 hours of curing.  In addition to the test specimen molds, six 4” by 8” cylinders were also 

prepared for the checking of 7- and 28-day compressive strength of each mix.  All molds were 

vibrated on a small vibrating table to allow for even dispersion of the concrete and reduction of 

air voids.  The molds were then placed into a curing room at 95% RH and 23ºC and left for 24 
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hours before being demolded.  After demolding, all specimens were then placed back into the 

curing room to undergo standard moist curing for the duration of the 28-day curing period.  A 

total of eight specimens cast, six of which were used for loaded creep testing (three NSC and 

three UHPC) and two were used to determine shrinkage strains see in both the NSC and UPHC 

specimens.

Figure 8. Custom 2.5" by 2.5" by 36" specimen mold

Figure 9. Pre-drilled steel spacer bar for brass inserts

Figure 10. 2.5” by 2.5” by ¼” steel cap plate
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Loading Procedure

On the day of loading, the 4” by 8” cylinders were pulled from curing to check for the 

28-day compressive strength.  After compressive testing the creep test specimens were then 

pulled from curing at which point they were transferred to the creep frame in Figure 11, where 

they then were adjusted before taking on load. 

Figure 11. Test specimen loaded into creep frame

Each specimen would be loaded to a percentage of the normal strength concrete or 

UHPC’s desired f’c values.  The normal strength concrete test specimens were loaded to stress 
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levels of 30, 40 and 50% of the desired 6 ksi f’c value.  This correlated to 35, 37, 58% 

respectively of the actual measured f’c values of each batch.  The UHPC concrete test specimens 

were loaded to stress levels of 27, 30 and 40% of the desired 21 ksi f’c value.  This correlated to 

32, 34 and 47% respectively of the actual measured f’c value of each batch.  The loads applied to 

each specimen were held constant for the 28-day test and would be adjusted if seen to deviated 

more than 2% from the desired stress level.  The two additional test specimens used for 

shrinkage strain measurements were kept unloaded and in the same environment-controlled room 

as the creep test specimens where RH was kept a 50% and the temperature remained at 23ºC.

Figure 12. Testing room environment control panel

Measurement Procedure

Measurements were performed using the Whittemore gauge previously mentioned by 

taking the deformation readings between the brass insert points along all the sides of each test 
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specimen.  Before taking a set of readings the Whittemore gauge was zeroed using a drilled 

metal gauge with a controlled gauge length of 7.965 inches.  After zeroing, measurements were 

Figure 13. Zero test performed before taking measurements

Figure 14. Pre-drilled metal “zero” gauge

taken starting at the top of the column and then moving down towards the base.  This process 

was repeated for each side measured.  These readings were taken before and after initial loading, 

then at times of 3 hours, 6 hours, 9 hours, 24 hours, 48 hours, 72 hours, 1 week, 2 weeks, 3 

weeks and 4 weeks after loading.  The UHPC specimens had additional readings at times of 30 

minutes, 1 hour and 12 hours after loading.  The shrinkage specimens were measured initially 

after the 28-day curing period, then daily for 21 days, and a final recording was taken on the 28th 

day.
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Data Processing

After the 28-day creep tests had concluded, the collected data was then post processed to 

be set up for data modeling.  The procedure of the post processing of the data was completed as 

follows.  Beginning with the raw data readings the “zero” length of 7.965” was added to all 

recorded values to get the true distance between insert points.  Next, using the strain equation, 

the measured strain at each time interval was calculated by dividing the change in length by the 

initial length.  When determining the measured strain an “IF” statement was written into the 

strain equation to eliminate negative strain measurements as it can be assumed that under 

compressive load, increases in the specimen length are improbable.  After the strain was 

calculated, the average strain per insert point was taken for all sides recorded.  The same process 

was repeated for the unloaded test specimens to get the average shrinkage strain, as well as the 

recorded data for the recovery curves.  

The averaged data would then be copied into a different excel file to be fitted.  The fitting 

procedure included further separating the copied averages into in their individual measurement 

points.  Here, another sweep of the data was conducted to determine and eliminate outlying data 

points to help create smoother fittings.  A best fit model for each measurement point was formed 

for creep, shrinkage, and recovery via their respective strain modeling equation mentioned in 

Chapter Two.  After a best fit model and its corresponding equation parameters had been 

determined for each measurement point, the equation fitting parameters were then averaged to 

determine a best fit model for the entire test specimen.  Using this best fit model, the standard 

deviation and corresponding 95% confidence levels were calculated to determine the adequacy 

of the created model.
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Chapter Six – Results and Discussion

Compressive Strength

As previously mentioned, ASTM C39 compressive tests were performed on the 4” by 8” 

cylinders after 7- and 28-day curing periods to determine the actual f’c value per mix batch.  The 

recorded compressive strengths for both the NSC and UHPC can be seen below in Tables 5 and 

6 respectively.

Table 5. 7 day and 28-day compressive strengths for NSC mixes

Mix Batch Normal Strength # 1 Normal Strength # 2
7 Day Compressive Strength

(psi)
2,600 \ 3,560 \ 2,900

Avg. = 3,020
5,366 \ 5,807 \ 5,684

Avg. = 5,619
28 Day Compressive Strength

(psi)
6,903 \ 4,128 \ 4,503

Avg. = 5,178
6,950 \ 6,790 \ 5,878

Avg. = 6,539

Table 6. 7 day and 28-day compressive strengths for UHPC mixes

Mix Batch UHPC # 1 UHPC # 2
7 Day Compressive Strength

(psi)
16,434 \ 15,871 \ 15,786

Avg. = 16,030
15,484 \ 15,496 \ 14,407

Avg. = 15,129
28 Day Compressive Strength

(psi)
19,028 \ 18,234 \ 18,780

Avg. = 18,681
17,837 \ 17,797 \ 17,963

Avg. = 17,866

While the compressive strength for the UHPC specimens did not reach the desired 21 ksi 

limit, the strengths shown in Table 6 are similar to those seen in both Graybeal’s and Haber’s 

experiments.  The untreated concrete specimen in Graybeal’s experiment reached a 28-day 

compressive strength of roughly 16.5 ksi and two of the batches mixed in Haber’s test only 

reached compressive strengths of 17.2 and 19.7 ksi.  As found by Graybeal and Flietstra, 
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performing additional treatments, whether steaming or heat treating can lead to higher 

compressive strengths.

Shrinkage Strain Data

Fitting for the shrinkage strain data was performed using the ACI 209R-92 shrinkage 

strain equation seen in Equation 9.  To create the best fit curve for shrinkage a solver tool was 

used to determine the fit parameters of εshu and α for each individual insert point.  After all fit 

parameters were determined for each of the insert point, the average of the fit parameters was 

taken and the best fit line was plotted.  Figure 15 shows the calculated best fit line for both the 

normal strength concrete and the ultra-high-performance concrete.  The modeled ultimate 

shrinkage strains at 28 days are 200 με for the NSC and 121 με for the UHPC.

Figure 15. Modeled shrinkage strain curves for HSC and UHPC
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When compared to the shrinkage strains seen in the three studies reviewed in the 

literature review, seen in Table 7, the shrinkage strain for the UHPC specimen used in this test 

was much lower than those of the other experimental tests.

Table 7. Comparison of experimental shrinkage strains

Rogowski (2022) 121 με
Graybeal (2006) 555 - 766 με
Flietstra (2011) 301 – 475 με

Haber et al. (2018) No direct shrinkage strains available

All tests were performed in relatively similar environments therefore the differences in 

shrinkage strain cannot be directly attributed to the relative humidity or temperature.  A major 

difference between the shrinkage strains found is the time at which the ultimate shrinkage was 

recorded.  The strains found in this test and Flietstra’s were recorded at 28 days, whereas 

Graybeal’s data is recorded at 200+ days.  To directly compare to Graybeal’s data, the ultimate 

shrinkage strains were calculated for a time of 365 days using the respective best fit strain model 

equations for both this test and Flietstra’s.  Where the shrinkage strain for this test was 230 με 

and Flietstra’s was 460 με.  While both are still lower than the strains found in Graybeal’s work, 

differences in reported values may be causes of the different best fit models used, or possibly a 

difference in the concrete mixtures.  As both Graybeal and Flietstra used Ductal as their UHPC 

mixture, the contents of the mix are relatively unknown, however, Lafarge states that the w/c is 

around 0.20 which is slightly higher than the 0.18 recorded in this test.  Though the w/c ratio 

may not be the sole cause of the visible differences it should be considered as a major factor.
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Creep Strain Data

As done in the studies prior to this paper, the creep strain data would be acquired by 

subtracting the shrinkage strain from the measured total strain to see the sole creep strain 

behavior.  This is allowed as it is assumed that creep and shrinkage strains are interrelated and by 

taking shrinkage strain measurements on test specimens with the exact proportions as the creep 

test specimens it can be inferred that the shrinkage strains seen measured from the shrinkage test 

will be the same as those seen in the creep test.  With this, the creep strains in this experiment 

were found simply by subtracting the shrinkage strains calculated using the shrinkage best fit 

model from the total strain measurement of the individual insert points during the creep strain 

test.  This process was done for both the NSC and UHPC specimen.

As mentioned in the methodology, fitting was performed by separating the recorded 

average creep strain readings for individual insert points.  Once separated, one further filtering 

occurred after the insert points were isolated to eliminate outliers.  Using the solver tool in excel 

with the viscoelastic solution presented in Equation 3, the fit parameters of E0, E1, τ, β and Pmax 

were determined.  Figure 16 serves as an example to show the fit curve for an induvial insert 

point, this curve is from the UHPC 0.40f’c test specimen.  To see all individual fit curves, see the 

Appendices.
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Figure 16. Individual fitting for single insert point of UHPC 0.40f’c test

After determining the fit parameters E0, E1, τ, β and Pmax for each insert point they were 

averaged and used to form the best fit models for each test.  Comparing the calculated strain 

values to the averaged strain values allowed for the determination of the standard deviation and 

ultimately the 95% confidence intervals for each test.  Figure 17 through Figure 22 show the 

individual best fit models for each of the six tests performed and Figure 23 shows the six curves 

combined on a single plot.
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Figure 17. Modeled strain curve for 0.30f’c normal strength concrete test

Figure 18. Modeled strain curve for 0.40f’c normal strength concrete test
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Figure 19. Modeled strain curve for 0.50f’c normal strength concrete test

Figure 20. Modeled strain curve for 0.27f’c UHPC test
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Figure 21. Modeled strain curve for 0.30f’c UHPC test

Figure 22. Modeled strain curve for 0.40f’c UHPC test
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Figure 23. Combined plot of strain curves for 6 creep tests performed

The calculated 95% confidence intervals tend to grow tighter as the loads applied 

increased, with the UHPC 40% test showing the most accurate fitting.  Figure 23 serves as a 

visual to see the linearity of the test specimens for each mix as the curves, excluding the Normal 

40%, seem to show similar strain behavior that by the theory of linearity could be obtained 

simply by applying a multiplier to an individual strain measurement. 

The fit parameters calculated with Equation 4 for each test are shown in Table 8.  Here it 

is first evident the creep behavior differences between NSC and UHPC test specimens.  

Comparing the E1 values, it can determine that, except for the Normal 40% test, the NSC 

specimens will show a greater response to the viscous flow of the creep test as the fitted E1 

values are significantly lower than those seen for the UHPC specimens.
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Table 8. Strain vs time, Equation 3, fit parameters for individual test specimens

Looking the elastic modulus calculated as E0 in the table above, when compared to the 

modulus of elasticity calculated via ACI specification 19.2.2.1 (ACI 318-19, 2019) using 

Equation 11. The elastic moduli for the average 5.9 ksi and 18.3 ksi f’c values seen in this test

𝐸𝑐 = 57,000 𝑓′𝑐(𝑝𝑠𝑖) (11)

are 4362.8 ksi and 7705.2 ksi respectively.  As anticipated, this does not correctly calculate the 

elastic moduli found for the UHPC specimens.  This error was also seen by Flietstra in his report, 

to correct this he used the elastic modulus equation presented in the ACI 363 provisions for high 

strength concrete shown in Equation 12 (Flietstra, 2011).  In doing so Flietstra was able to 

𝐸𝑐 = 40,0000 𝑓′𝑐(𝑝𝑠𝑖) +1.0 ∗ 106 (12)

obtain an elastic modulus closer to the observed values, similarly, using this equation yields a 

calculated elastic modulus of 6407.2 ksi for this test, which is much closer to those seen in Table 

8. 

E0 E1 β τ P

(psi) (psi) (hrs) (kips)

Normal 30% 1.08E+07 6.41E+06 4.92E-01 672 11.25

*Normal 40% 4.30E+06 1.64E+07 2.35E-01 504 15.00

Normal 50% 5.54E+06 8.02E+06 4.82E-01 672 18.75

*UHPC 27% 6.66E+06 1.73E+07 4.89E-01 672 35.44

UHPC 30% 6.90E+06 1.49E+07 5.43E-01 672 39.38

UHPC 40% 6.80E+06 1.37E+07 4.44E-01 672 52.50
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Using the fit parameters presented above the creep compliance, J(t), verse time curve was 

plotted in Figure 24.  Here it is seen that, as mentioned above, the UHPC shows a decreased 

response to the viscous behavior of creep as the UHPC curves are tending to an asymptotic 

maximum compliance much lower than those seen by the NSC.  To better visualize this 

normalizing the compliance curves by eliminating the initial compliance, J(0), allows for the 

plotting of the sole creep compliance as seen in Figure 25. 

Figure 24. Creep compliance verse time curves for all six creep tests
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Figure 25. Normalized creep compliance curves for all six creep tests

Provided in Table 9 are the corresponding values for the initial creep compliance and the 

28-day creep compliance shown in the plotted figures above. 

Table 9. initial and 28-day creep compliance

J(0) J(t)28

(psi^-1) (psi^-1)

Normal 30% 9.24E-08 2.48E-07

*Normal 40% 2.32E-07 2.96E-07

Normal 50% 1.81E-07 3.05E-07

*UHPC 27% 1.50E-07 2.08E-07

UHPC 30% 1.45E-07 2.12E-07

UHPC 40% 1.48E-07 2.21E-07
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Note that the two “asterisk” test show in Tables 8 and 9, the Normal 40% and UHPC 

27%, are shown but should be considered defective as their testing procedure differed from the 

others.  The test specimen for the Normal 40% test was allowed to dry before loading.  While not 

intentional, the drying of the specimen before loading meant that shrinkage would not be as great 

of an influence on this test as it would for other.  As expected with this specimen a larger 

stiffness value, E1, was seen and lower creep compliance was recorded.  The test specimen for 

the UHPC 27% test was damaged upon loading, as a crack formed from the bottom of the 

specimen and propagated up.  Original a desired stress level of 0.50f’c was set, but with the 

formation of the crack the test was to drop to a stress of 0.27f’c where no further cracking was 

observed, and the load was held steady.  Continuing to test this specimen highlighted the 

durability of UHPC mixtures as even when cracked the test specimen showed similar stiffness 

and creep compliance values as those recorded in the uncracked UHPC 30% and 50% tests.

Figure 26. Cracked test specimen used for UHPC 27% test
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The table below shows the ultimate 28-day strain calculated using the best fit model 

parameters determined for each individual test, along with the initial elastic strain and the 28-day 

creep strain.  As done in the studies presented before, these values were used to then calculated 

the creep coefficient for each test.

Table 10. Calculated strains and creep coefficient

28-day ultimate 
strain (με)

Initial elastic 
strain (με)

28-day creep 
strain (με)

Calculated creep 
coefficient

Normal 30% 447.26 166.27 281.0 1.69
Normal 40% 709.69 557.63 152.1 0.27
Normal 50% 915.38 541.53 373.9 0.69
UHPC 27% 1178.35 850.83 327.5 0.38
UHPC 30% 1335.22 913.16 422.1 0.46
UHPC 40% 1849.14 1235.80 613.3 0.50

By comparing the creep coefficients found from untreated specimens in Graybeal’s data 

(creep coefficient of 0.78 at 0.67f’c), the ambient cured specimens from Flietstra’s (creep 

coefficient of 0.83 at 0.60f’c and 0.54 at 0.20f’c), and the data from Haber’s study (creep 

coefficients of 0.78-2.47 for 0.65f’c and 0.70-1.17 for 0.40f’c) it is evident that a similar creep 

behavior is being recorded between all specimens.  The higher creep coefficients seen in 

Graybeal’s and Haber’s data can be attributed to the increased duration of testing as their 

specimens were loaded for up to a year under pressure.  This would show greater ultimate creep 

strains and lead to higher creep coefficients.  Flietstra’s data was recorded for a duration of 24 to 

28 days which is similar to the duration of loading in this study, here the coefficients reported by 

Flietstra, while still slightly higher, were closer to the coefficients calculated in this report.

Comparing the strains, with the applied stresses of 5.67 ksi, 6.3 ksi and 8.4 ksi the initial 

strains and creep strains recorded in this study tend to be lower than values recorded by Graybeal 
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and Haber and relate more to the values recorded by Fleitstra.  However, this is to be expected as 

the stress loading recorded during the Graybeal and Haber studies was greater than the applied 

stress in this study.  Haber’s study shows that with an applied stress of 9.15 ksi for 0.40f’c the 

mixtures showed initial elastic strains ranging from 1432 to 2076 με which when compared to 

the 0.40f’c test in this study with applied stress of 8.4 ksi, the initial strains are relatively similar 

but the creep strains seen in Haber’s study were significantly higher.  In the same manner as the 

creep coefficients, the long-term creep strains reported by Graybeal and Haber are expected to be 

larger than this study’s recorded data as the load durations were much longer.

Recovery Strain Data

After the 28-day creep tests were concluded the specimens were unloaded and 

measurements were taken to record the recovery behavior of two materials.  The recorded data 

was then processed using the same procedure as the shrinkage and creep strain measurement and 

the fitting was performed in a similar manner as well.  One key difference between the fitting 

procedures used for the creep strain and the recovery strain is the fitting of the E0 value.  While it 

is assumed that the recovery curve is a function of the initial elastic strain and a viscous behavior 

like the creep strain, during the fitting process for the recovery curve it was seen that for multiple 

measurement points the initial recovery was less than the strain seen from the initial loading.  

Because of this the E0 values were manually adjusted to help in modeling as opposed to being a 

factor of the initial applied stress divided by the recorded strain.  

Recovery data has been collected for each of the NSC test specimens and for one UHPC 

specimen.  In a similar manner to the creep strain the model fit parameters are shown in Table 11 

below.  As mentioned in Chapter Two, to model the behavior of the recovery curve the applied
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Table 11. Fit parameters for recovery curves

E0   E1 β τ P
(psi) (psi) (hrs) (kips)

Normal 30% 1.08E+07 8.77E+06 1.88E-1 1680 -11.25
Normal 40% 4.46E+06 2.89E+07 2.50E-1 672 -15.00
Normal 50% 6.05E+06 3.56E+07 3.88E-1 1680 -18.75
UHPC 30% 6.96E+06 4.72E+07 2.39E-1 672 -39.38

stress was negative as opposed to the positive value used in the creep model.  Comparing the E0 

values to those calculated in the creep strain modeling, the values found in Table 11 tend to be 

higher than those found in Table 8.  Again, this is due to the adjustments required to better fit the 

measured data.  Presented in Table 12 is a direct comparison of the initial elastic strains taken 

from the creep model compared to the calculated initial recovery strains seen from the recovery 

model.

Table 12. Comparison of initial strains

Initial elastic 
strain

Initial recovery 
strain

(με) (με)
Normal 30% 172.1 215.1
Normal 40% 586.9 551.8
Normal 50% 549.9 498.6
UHPC 30% 918.7 929.1

Another major difference between the two is the fit values for β.  As the recovery curve 

has a much sharper shape the β values found will tend to be much smaller.  One noticeable 

problem with fitting using Equation 11 was that the model would tend to inaccurately represent 

the strain measurements recorded from the time initially after unloading to roughly a week later.  
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The creep strain curves, and their respective creep recovery curves can be seen in Figure 

27 through Figure 30 and the combined four tests on Figure 31.  Note that strain seen at the end 

of the creep strain curves do not necessarily match those seen as the beginning of the recovery 

strain curves.  This is due to the fact that the last strain value plotted for the creep curve is a 

calculated value based upon the determined fit parameters, where as the strain seen as the 

beginning of the recovery curve is an average of the measured strain at the time of 28 days.  The 

differences seen range from 13 to 70 με.

Figure 27. Modeled creep and recovery curve for normal strength concrete 0.30f’c test
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Figure 28. Modeled creep and recovery curve for normal strength concrete 0.40f’c test

Figure 29. Modeled creep and recovery curve for normal strength concrete 0.50f’c test
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Figure 30. Modeled creep and recovery curve for UHPC 0.30f’c test

Figure 31. Combined plot of modeled creep and recovery curves
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The recovery strain measurements recorded over the 28-day period begin to show the full 

recovery behavior seen as the strain measurements began to equalize close around the 14-day 

mark.  From the modeled curves the strain measurements calculated at 28 days show a 

permanent strain seen in each specimen of 165 με, 121 με, 366 με and 324 με for the respective 

normal strength 30, 40, 50% tests and the UHPC 30% test.  As would be expected the permanent 

strains seen in the tests subjected to higher loads would be greater.  As the models used to fit the 

recovery data are exponential, they will continue to show a slight decrease in strain as time 

increase.  This behavior may not fully represent what happens in concrete recovery as at some 

point in time recovery would be expected to halt.
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Chapter Seven – Conclusion and Future Work

While the UHPC mixture used in this test was modified to not include the usage of steel 

fibers, the data in this research confirmed the results presented in previous projects by Graybeal, 

Flitstra and Haber et.al. with the comparison of creep and shrinkage strains as well as calculated 

creep coefficients and for UHPC mixtures.  It also provided new data in the form of a calculated 

creep compliance for the UHPC mixtures which shows the long-term creep behavior can be 

accurately modeling using elastic-viscoelastic solutions.  

The recorded data confirms that when compared to normal strength concrete, the UHPC 

mixtures are less susceptible to creep effects.  The data presented in this experiment will help to 

create a full understanding of the creep and shrinkage behavior in ultra-high-performance 

concrete mixtures as the values shown in this paper will add to results of past, current, and future 

research projects, and aid in the development of future code provisions for UHPC structural 

members.

The inclusion of recovery curve data will also be beneficial to developments in new and 

existing code provisions.  It was also seen that using a viscoelastic solution similar to those seen 

in creep curves can be promising to accurately model long-term recovery behavior, however 

adjustments may be required to more accurately represent the short-term recovery, as well as, the 

implementation of a limit state to represent the maximum possible recovery.

The tests performed in this study provided viable reasoning for the usage of a creep test 

specimen with multiple embedded measurement points for low stress level loading.  If high 

stress levels may be required, this method is not suggested, for the embedded inserts provided a 

stress concentration for cracking to start.  To avoid cracking, suggest applying measurement 
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points post curing to the external faces of the specimen.  This test also shows the adequacy of 

using a large 36” column specimen for creep testing as minimal to no bending was seen.  Also 

proven in this study is the viable use of a screw driven mechanical jack creep apparatus, as the 

frame was able to apply consistent loading without losses.  This was beneficial in this study as a 

power outage was seen during test and due to the lack of electronic components the load 

remained constant, and the test was not disrupted.

One study not mentioned in the literature review due to a lack of conclusive data, is a test 

performed by Yi Xu, Jiaping Liu, Jianzhong Liu, Ping Zhang, Qianqian Zhang and Linhua Jiang, 

where they investigated the effects of steel fibers on creep behavior (Xu et al., 2018).  Their test 

was conducted using specimens of 0, 1, and 2 percent steel fibers by volume with a 0.16 water-

binder-ratio loaded to 0.40f’c for a period of 180 day.  They found that the creep coefficients 

were ~0.40 for 2% fibers, ~0.55 for 1% fibers, and ~0.65 for 0% fibers.  When compared with 

the data from the 0.40f’c test in this experiment, even though there are no fibers used, the creep 

coefficients relate more to those seen in test with steel fibers. 

While overall the creep data obtained in this study comparatively matches the data 

presented by Graybeal, Flietstra, Haber et al., and Xu et al.  For future work, extending this test 

to include a mixture with steel fibers using the same set up and molds presented in this paper will 

help aid in the determination of the relationship between the steel fibers and their effect on creep 

behavior.
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APPENDIX A – Shrinkage Models
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APPENDIX B – Creep Models
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APPENDIX C – Recovery Models
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