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Abstract:    The significant growth in the construction of high-rise buildings, bridges ,  and other infrastructure 
across the world has increased demand for high-early  strength / high-performance concrete in addition to 
the sustainability needs. To meet this demand, concrete industry is exploring innovative methods to design 
concrete with improved mechanical and durability properties and also improve its sustainability. One of such 
methods to meet this demand is to use a  novel, strength-enhancing chemical admixture   containing C-S-H  
nano seeds in suspension (XS).

In this study, we evaluated the effect of  the   admixture containing C-S-H  nano  seeds  on  early and later age 
strength and durability properties of concrete including   compressive strength, modulus of elasticity, and 
drying shrinkage. We cast a variety of concrete mixes with different aggregate and cement proportions, and 
supplementary cementitious materials (SCMs) ,  fly ash  and  slag ,  to evaluate the effect of this admixture. 
We also conducted a Life Cycle  Analysis   and  C ost  A nalysis  to compare the environmental impacts of 
different concrete mixes with XS admixture.

The results of this study showed that the use of an admixture containing C-S-H nano-seeds improves the 
early and later age strength of concrete up to 18% and modulus of elasticity up to 7% without adversely 
affecting the durability of concrete. The drying shrinkage of concrete was controllable and similar to that 
of control mix with using a shrinkage reducing admixture. The use of this admixture permits a reduction in 
the total cement content in the concrete mix while maintaining similar strength but reducing the total 
associated CO2 emissions.
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1. Introduction 
The built environment around the world is rapidly changing and so are our design and construction 

needs, and methods of building structures. The demand for   high-strength and  high-performance  concrete  
for building  infrastructure   in addition to the sustainable and resilient construction is increasing  worldwide  (1) . 
Concrete  has remained  the most popular construction material due to its locally available ingredients and  
excellent strength  and  durability  performance  for building various infrastructure elements such as 
residential  and  commercial buildings, bridges, airfield s ,  highway pavements ,   dams  and  etc.   Concrete 
technology also has changed tremendously in last few decades due to advancements in availability of 
various cements and chemical admixtures and understanding their characteristics and impact on concrete 
properties.  Hence ,  it is the responsibility of concrete designers to fulfill  constantly changing  requirements 
of concrete construction and develop new methods to obtain more durable and sustainable concrete.  One 
such effort by the manufacturers is d eveloping new innovative concrete admixtures. Admixtures are very 
important ingredients of concrete mixtures and can significantly impact the performance of concrete in its 
fresh and hardened stage.  From sustainability  perspective  of  concrete structures, chemical admixtures play 
a critical role in improving durability by helping mitigate deterioration of in-place concrete due to  various  
physical and chemical distresses  ( 2 ) .  C hemical admixtures  provide   many  options  and   flexibilit ies  in 
 d esign ing concrete mix es to achieve the  performance targets   to  such as i mproved placement, setting  time  
finish ing  operations  that are  provided by chemical admixtures  to the contractors .  These  additions  can  also  
enhance sustainability by improving the workability of the concrete, reducing water demand, and improving 
durability  ( 3 ) .  Overall, chemical admixtures have become an essential component in concrete mixtures  not 
only to  enhanc e the performance of concrete but also   to improve  its  economy  and  sustainability  aspects.  
The latest addition is  the  novel strength-enhancing chemical admixture containing C-S-H  nano  seeds in 
suspension (XS).



Research studies have shown   that  the   n ucleation seeding with C-S-H has enormous potential to 
accelerate  cement  hydration   without compromising the long-term strength of seeded cements  in contrary to 
the use of  traditional  accelerating chemical admixtures that increase the early strength but might lower the 
later age strength of concrete   ( 4 ,5 ).   The use of C-S-H nanoparticles can significantly accelerate the early 
cement hydration because of its higher surface area and higher reactivity  ( 6 ) .  The C-S-H seeds as nuclei 
can  further  stimulate  the  nucleation of C-S-H  and showed to  have a better acceleration effect than other 
nanoparticles such as  nano  silica or metal oxide nanoparticles due to the presence of the main cement 
hydrated products calcium silicate hydrate  ( 7 ) .  However, these studies have used laboratory- developed 
C-S-H material and not a commercially available C-S-H. 

In this study, we used a novel commercially available admixture containing C-S-H nano seeds in 
suspension that is designed to improve the early and later age strength of concrete. This strength-
enhancing admixture can be effectively used to increase the early and later age strength of concrete and 
facilitates the use of supplementary cementitious materials at higher rate and reducing the cement 
content of a concrete mix to ultimately help to produce sustainable concrete.

2. Experiments
2.1. Methods and Materials
Several concrete mixes were cast with and without  the  admixture containing C-S-H  nano  seeds in 

suspension  (XS)   with  straight cement and various combinations of  supplementary cementitious materials 
( SCMs ) .  Type II/V Portland Cement was used as a binder in addition to the Type  “ F ”  fly ash (and Grade 
100/120 ground granulated blast furnace slag as SCMs.  A regular eight sack cement mix was selected as 
a control straight cement mix which was also replaced by 25% fly ash  by mass  for a binary mix and 25% fly 
ash plus 25% slag  by mass  for a ternary mix.  A  lower cement content mix  with 10% less cement content,  
seven sack cement content ,  was  also  used. Locally available aggregates with two different ratios of fine 
and coarse aggregates were used. Type A  water reducer  admixture ,  Type F   polycarboxylate -based 
admixture , and   the  admixture containing C-S-H  nano  seeds in suspension  (XS)   was used at 10  oz /cwt of 
cement .  The S hrinkage  R educing  Admixture (SRA)  was  also  used for drying shrinkage test. Table 1 shows 
the details of mixes and proportions of its ingredients and the test matrix.   Slump, unit weight ,  and air content 
w ere   measured  for all the concrete  mixes  in plastic state. Compressive strength, Modulus of elasticity test  
s  at 1, 3, 7, 28 , and  56 days and Drying shrinkage tests were performed on the hardened concrete  following 
ASTM C39, ASTM C469, and ASTM C157 respectively.

2.2. Eco-efficiency and Cost Analysis
Eco-efficiency analysis  i s  developed to  provide the estimates of potential environmental impacts of any 

concrete product from cradle-to-gate scope  ( 8 ) . This method can be effectively used by concrete ready mix 
producers to determine the most eco-efficient concrete mix amongst different alternative mixes. In general, 
the cement content for the concrete mixes and usage of alternative cementitious materials is responsible 
for the primary environmental impacts such as greenhouse  gas (GHG)  emissions. Hence, reduced cement 
content  and appropriate use of SCM’s  whenever feasible ,   without impacting the performance or design 
requirements improves the overall eco-efficiency of a particular concrete mix.

In this study, eco-efficiency analysis  create d  a very dynamic model by comparing and evaluating 
different concrete mixes  used  and compare d  them to a reference concrete mixture. The functional unit used 
is one cubic meter of concrete and customer benefit unit used is the evaluation of the inputs required to 
produce one cubic meter of similar compressive strength concrete. The system boundaries similar to the 
Life Cycle Assessment (LCA)  are used which takes into account environmental impacts due  processes 
involved in  extraction, manufacturing and production of the  raw materials used in  concrete making . The 
critical review and verification is performed by NSF International.  The details  and results  of this analysis are 
described in subsequent sections.

3. Results 

3.1. Fresh properties of concrete 

The  concrete mixes and the  fresh properties of concrete including slump, air, and unit w e ight were 
measured f or each reference mix and the X S   admixture  counterpart mix  (Table 1) .  The dosage of T ype A,  



water-reducing, and Type F, high-range water-reducing, admixtures  were adjusted to achieve the slump of 
4 inches  (10 cm) . The slump results (Table  1 ) show that with the same dosage of water reducing admixtures, 
both reference and  XS  mixes exhibits the same slump around 4 to 4.5 inches  (10 to 11.5 cm) . The only 
exceptions were mixes  A5 and A5R  that both showing the slump of around 7   inches  (18 cm)  and   w e believe 
this is due to overdosing of admixtures. 

The air content of all these non-air entrained mixes were about 1.5 to 2.9% with  the  reference mix and 
XS  mixes show the same air content.  The unit weight results showed to be similar between refe re nce and  
XS mixes for the same mix design.

Table 1. Mix designs and fresh properties of concrete mixes with and without XS admixture

Mix # A0 A1 A2 A3 A4 A5 A5R A6 A6R

Cement (lbs) 752 525 525 350 350 672 672 757 757

Fly Ash (lbs) 175 175 175 175

Slag (lbs) 175 175

WCS (lbs) 1644 1357 1357 1361 1361 1335 1335 1654 1654

3/8" (lbs) 1096 1550 1550 1550 1550 1550 1550 1100 1100

Water (lbs) 380.5 284.14 288.29 308.97 308.79 336.51 335.92 350.82 348

W/CM 0.51 0.41 0.41 0.44 0.44 0.50 0.50 0.46 0.46

Unit Wt. (pcf) 143.7 146.2 144.95 145.55 145.47 145.15 146.03 143.55 143.83

Slump (in.) 4.50 4.50 4.25 4.00 4.00 7.75 7.00 4.75 4.50

Air (%) 2.2 2.0 1.9 1.9 1.9 1.6 1.7 2.9 2.9

Temp of
Concrete/ambient 81.0/79.1 81.0/79.0 81.6/80.0 82.0/82.0 81.0/81.0 71.0/72.0 73.0/72.0 0.00 75.7

XS admixture 
(fl oz.) 0.00 0.00 52.50 0.00 70.00 0.00 67.2 0.00 0.00

High-range Water
Reducer (fl oz.) 0.00 7.00 7.00 7.00 7.00 0.00 0.00 0.00 0.00

Water-Reducing
admixture (fl oz.) 30.08 28.00 28.00 28.00 28.00 16.13 16.13 41.64 41.64

3.2. Compressive strength
The  results of  earl y age compressive strength of  XS  mixes  as early as  1 day show s  up to 18% (up to 

600 psi)  higher strength  compare d  to the reference mix  (Figure  1 ) .  The highest increase  in the compressive 
at 1 day  was for mix  A5 R   (that had  10% lower cement ) where the   XS   mix  showed 450 psi  (3 MP a)  higher 
strength  than the reference mix  only at 1 day .  The same trend was observed with 3 - day and 7 - day strength 
where XS mixes showed up to 24% higher strength compare to the reference mixes. 

The later age strength results at 28 days also showed  hi gher compressive strength for  XS  mixes.  Mix 
A2  with 25% fly ash  and   XS   showed 17%   increase in the strength ( 1000 psi  or 7 MPa )   compared to the  
reference  mix. Mix A4   with 25% fly ash and 25% slag showed  10% ( 610 psi  or 4.2 MPa )  higher strength  
than the reference  M ix  A3 . Mix A6 with  XS  and with 10% less cement  than Mix A1  showed  17% ( 1040 psi  
or 7 MPa )  increase in 28-day strength. Finally mix A6 R  with the aggregate ratio of 60% sand  and 40% 
coarse aggregates and  XS   showed the  highest increase  in  compressive strength at 28 days with 21%   ( 1543 
psi or 11 MPa) higher strength than the reference Mix A6.



Figure  1 .  C ompressive streng th of m ixes with  strength-enhancing admixture  and  r eference mixes at 

different ages

3.3. Modulus of Elasticity (MOE)
The results of Modulus of Elasticity of concrete  mixes with and without  the   strength-enhancing 

admixture  (XS)   are shown in  Figure  2. The results show that, in general, the MOE of mixes  with  XS   are 
similar to those of mixes with no XS at early ages (1 and 3 days) and are 5-8% higher at 7 and 28 days. 

The highest increase in the MOE was for the Mix A3 with 25% fly ash and 25% slag that has an MOE 
of 8% (268 ksi) higher than the reference Mix A2 at 28 days. Of all mixes, Mix A6R showed the highest 
MOE that has the same binder content and water content that shows the effect of aggregates content and
ratios on the MOE of the concrete mixes.

Figure 2. Modulus of Elasticity of concrete mixes with and without XS admixture

3.4. Drying Shrinkage 
The drying shrinkage measurements of concrete mixes with and without strength-enhancing 

admixture are shown in Figure 3. We measured the drying shrinkage of mixes with 25% fly ash and 25% 
fly ash and 25% slag with and without XS. The mixes with XS have shrinkage reducing admixture (SRA) 
to control the shrinkage due to the typical higher shrinkage of mixes with local aggregates. The results of 
drying shrinkage of the mix with 25% fly ash (mixes A1 and A2) showed similar shrinkage for mixes with 
XS and without XS. The shrinkage of mix with 25% fly ash and 25% slag (Mixes A3 and A4) showed to be



higher than the only fly ash mix. This should be due to the shrinkage contribution from slag. However, the 
shrinkage of the mix XS showed to be lower than the reference mix with no XS. This confirms that the use
of SRA was successful in controlling the shrinkage of XS mixes.

Figure 3. Drying shrinkage of mixes with and without XS

3.5. Life Cycle Analysis (LCA) 
The aggregated environmental impacts of Mixes A0, A2, A4, and A5 are shown in Figure  4 . Th e  results 

show that for all mixes the global warming potential  (GWP) or  greenhouse gases  has the highest impact 
among all environmental impacts. This is contributed mainly  by emission from  the cement production 
process and therefore reducing the cement content of the mix lower ed  th e  impact. Given that,  Mix A4  with 
50% SCM (25% fly ash and 25% slag) showed the lowest aggregated environmental impacts followed by  
Mix A2  with 25% fly ash. The mix with 10% less cement showed lower environmental impacts compared to 
the reference mix due to the lower cement content.

Figure 4. The aggregated environmental impacts of mixes with XS compared to the reference Mix A0

The result of Environmental Fingerprint  (Figure 5)  show  the similar trend that the global warming potential 
has the highest impact among all environmental impacts. It also shows that the mix A4 with 50% SCM has 
the lowest impact in all different impact categories.



Figure 5. The Environmental fingerprint of mixes with strength-enhancing admixture compared to the reference mix

3.6. Cost analysis 
The results of cost analysis  of Mixes A0, A2, A4, and A5  are shown in Figure  6 . The results show that 

the mix with 50% supplementary cementitious materials, 25% fly ash and 25% slag, has the lowest cost 
followed by the mix with 25% fly  ash  and 10% less cement.  It can be also seen  that the main cost of concrete 
mixes is  contributed   by  the binders (cement, fly ash, and slag). Therefore, lowering the cement content or 
replacing it with other SCMs helps to reduce the associated cost.  The contribution from the admixture is  
very low.

Figure 6. The cost analysis of concrete mixes and cost contribution from each component

4. Discussion 
This study compares the concrete properties and environmental impacts of concrete  mixes with and 

without  the  strength-enhancing chemical admixtur e . Figure 7  summarizes the  comparison  of  both 
properties using  GHG emissions as an index of environmental impacts and 28-day ,   and  compressive 
strength as an index of concrete properties for mixes with and without  the   strength-enhancing chemical 
admixture.

The results show that Mix A2  ( with 25% fly ash and  XS )   reduced  CO 2  emissions by   140   kg CO 2 / 1m 3  of 
concrete  compared to the reference Mix A0  while maintaining the same strength at 28 days.  Mix A4 with 50% 
SCM and  the  strength-enhancing admixture  (XS)  showed  even lower CO2 emissions  by 220 kg CO 2 /1m 3  
of concrete but also 540 psi higher strength at 28 days. Mix A5R with 10% less cement showed lower 



CO 2  emissions by 60 kg CO 2 /1m 3  of concrete while 400 psi higher strength. In summary, the use of  this 
strength-enhancing admixture  not only helped to lower the environmental impacts associated with concrete 
production by facilitating the use of SCMs up to 50% but also helped to improve the compressive strength  
of concrete mixes and evaluate the most cost effective concrete mix.

Figure 7. The comparison of GHG Emission as against the 28-day compressive strength of the concrete mixes

5. Conclusions
1. The concrete mixes with  the  strength-enhancing admixture  showed higher strengths by  18 % 

at 1 day and up to 21% at 28 days compared to reference mixes.
2. All concrete mixes  the  strength-enhancing admixture  showed higher Modulus of Elasticity 

compared to the reference mix without it.
3. The  strength-enhancing admixture  is useful to lower the environmental impacts by reducing the 

cement content of concrete mixes while maintaining a similar or higher strength.
4. The  strength-enhancing admixture   can be used to achieve early age strength of concrete and 

hence reduce the construction cost and time both.

6. Future Studies
1. Future studies can be conducted to compare performance of the strength-enhancing 

admixture with Portland limestone or other Blended cements along-with Portland cement.
2. Evaluation of micro-structure of cement paste and pore solution due to addition of XS 

admixture can be evaluated. 
3. Effect of the strength-enhancing admixture on concrete mixes with other local aggregates 

and also any premium aggregates can be evaluated.
4. Effect of addition of the strength-enhancing admixture on other concrete properties such as 

rapid chloride permeability or alkali silica reactivity also needs to be studied.
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